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Ionic liquids (ILs) are widely investigated materials due to their green properties including 
negligible vapor pressure, chemical tunability, and high temperature stability. The presence of 
water in ionic liquids has been observed to affect certain IL properties. Due to the ubiquitous nature 
of water and the fact that all ILs are hygroscopic to an extent, studies on the sorption of water into 
ILs are necessary. This research describes the application of the gravimetric microbalance 
technique for water sorption measurements in ILs and presents reproducible and accurate solubility 
data for water absorption and desorption in five ionic liquids 1-ethyl-3-methylimidazolium 
tetrafluoroborate [C2C1im][BF4], 1-ethyl-3-methylimidazolium 1,1,2,2-tetrafluoroethane-1-
sulfonate [C2C1im][TFES], 1-ethyl-3-methylimidazolium acetate [C2C1im][OAc], 1-butyl-3-
methylimidazolium acetate [C4C1im][OAc], and 1-butyl-3-methylimidazolium chloride 
[C4C1im][Cl] at 283 K – 315 K and 0 – 70 % relative humidity (RH). The water solubility in order 
of highest to lowest at 303.15 K and 25 % RH was: [C2C1im][OAc] (78.4 mol%) > [C4C1im][OAc] 
(77.5 mol%) > [C4C1im][Cl] (68.6 mol%) > [C2C1im][TFES] (26.5 mol%) > [C2C1im][BF4] (19.5 
mol%). 
The solubility data were well correlated with the Non-Random Two Liquid (NRTL) 
activity coefficient model and time dependent concentration data were used to determine the binary 
diffusion coefficients of water in the water-IL systems. The diffusion coefficients in order of 
increasing relative humidity ranged from: 1.3 x 10-10 to 2.7 x 10-11 m2/s for [C2C1im][BF4], 4.4 x 
10-11 to 1.2 x 10-10 m2/s for [C2C1im][TFES], 4.6 x 10
-12 to 2.8 x 10-11 m2/s for [C2C1im][OAc], 8.8 
x 10-12 m2/s to 3.9 x 10-11 m2/s for [C4C1im][OAc], and 4.5 x 10
-12 m2/s to 2.8 x 10-11 m2/s for 
[C4C1im][Cl]. To analyze the difference in diffusion behavior, the diffusing radii were calculated 
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for each water-IL system using the Stokes-Einstein relationship, and the heats of absorption were 
calculated for water sorption in the five ionic liquid systems using the Clausius-Clapeyron 
equation. The analysis concluded that as water concentration increases in the IL systems, the water-
water interactions increase as more water molecules begin to hydrogen bond with each other. The 
analysis suggests that a few water molecules may form clusters with the [OAc] and [Cl] anions 
and that much larger water/BF4
¯ clusters/networks may form in the [C2C1im][BF4] system which 
increase in size with increasing water concentration. Therefore, even though viscosity of ILs 
decrease with increasing water concentration, the diffusion of water in [C2C1im][OAc], 
[C4C1im][OAc], and [C4C1im][Cl], increase, while the diffusion in [C2C1im][BF4] decreases with 
increasing water concentration. 
Studies are also emerging on water-IL mixtures and binary IL mixtures as a functional 
ionic liquid design to achieve certain properties. However, ternary mixtures of ILs and water are 
not commonly studied. This work presents an experimental study inspired by molecular simulation 
predictions for the phase behavior of water addition to equimolar mixtures of 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide ([C2C1im][NTf2]) + 1-ethyl-3-
methylimidazolium acetate ([C2C1im][OAc]), [C2C1im][NTf2] + 1-ethyl-3-methylimidazolium 
chloride ([C2C1im][Cl]), and [C2C1im][OAc]+[C2C1im][Cl]. The experiments verified the liquid-
liquid phase separation which occurred when water was added to [C2C1im][NTf2]:[C2C1im][OAc] 
and to [C2C1im][NTf2]:[C2C1im][Cl] and verified that water addition to the miscible equimolar 
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Chapter 1:  Introduction 
1.1 Ionic Liquids 
Over five thousand papers have been published on the topic of ionic liquids,1 and interest 
continues to grow. Ionic liquids (ILs) are organic salts with melting temperatures defined below 
373 K. The popularity of ionic liquids is due to many beneficial properties, such as negligible 
vapor pressure, high temperature stability, high electrical conductivity, and chemical tunability. 
ILs are typically composed of an organic cation and an organic or inorganic anion, therefore 
leading to the possibility of multiple ion combinations and, hence, the ability to design specific 
physicochemical properties. For example, the water solubility of ionic liquids can be modified by 
selecting a combination of specific cations and anions; the ionic liquid 1-butyl-3-
methylimidazolium hexafluorophosphate [C4C1im][PF6] is immiscible with water,
2 but the same 
cation paired with the acetate anion [C4C1im][OAc] is completely miscible.
3,4 
Due to the tunability of ionic liquids, many applications are possible, including chemical 
separations,5 reaction media,6 and energy conversion and storage.7 Several of these applications 
currently use organic solvents, which may have undesirable environmental and safety properties, 
such as high volatility, toxicity, and flammability. Ionic liquids provide an alternative option which 
can be safer, greener, and more cost-effective than the use of conventional organic-based solvents. 
1.2 Ionic Liquids and Water 
The interest in ionic liquid applications has led to the need for studies on the effects of 
water on the physical and chemical properties of ionic liquids. Several researchers have observed 
that properties of ILs, such as density, viscosity, conductivity, selectivity, and reactivity, can be 
significantly affected by water presence in ionic liquids. For example, high water absorption into 
supported ionic liquid membranes (SILMs) have shown to hinder the permeability of gases such 
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as CO2 due to hydrogen bonding of the IL with water.
8 This effect causes a decrease in performance 
for the use of SILMs for the separation of gases like CO2/N2. Although ILs can commonly be 
categorized as hydrophobic or hydrophilic, most ionic liquids are hygroscopic and will absorb 
moisture.9–11 As water is a ubiquitous species, most water contamination occurs from atmospheric 
water sorption. 
1.2.1 Water Measurement Techniques in ILs 
Most work investigating the water-IL interactions has been performed by manual addition 
of water to the ionic liquid. A common and simple method to determine water concentration is 
using either coulometric or volumetric Karl Fischer titrations, where the coulometric method 
provides higher accuracy at concentrations of water below 5 wt.%. The use of Karl Fischer titration 
is accurate and convenient, but the process requires additional amounts of ionic liquid which 
cannot be reused. Nonetheless, as a single-measurement approach, Karl Fischer titration is 
certainly effective and the preferred choice for water analysis. 
Nuclear magnetic resonance (NMR) spectroscopy is a conventional method used to detect 
impurities in ionic liquids. It has also been applied to observe interactions between water and ILs 
by analyzing mixtures of D2O and ionic liquids. For example, Takamuku et al.
12 used 2H NMR 
relaxation measurements to study the behavior of water in 1-ethyl-3-methylimidazolium 
tetrafluoroborate [C2C1im][BF4], and Cao et al.
13 used 1H NMR measurements to study water and 
IL interactions for five functionalized imidazolium-based ionic liquids. NMR can be used for 
quantitative determination of species, either by observing a ratio of the components or by using a 
standard sample of known concentration. In Chapter 5, the application of NMR for the 
determination of water concentration for a ternary mixture of two ILs and water using the ratio 
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method will be discussed. In addition, an external standard was used to determine the concentration 
of the ionic liquids in the ternary mixture. 
1.2.2 Vapor-Liquid Equilibria 
There are only a few studies which have observed in situ sorption of water vapor into ILs 
where the temperature and pressure were recorded. Some researchers have used Near Infrared 
(NIR) spectroscopy to determine the concentration of water while observing the structural effects 
of water in ILs including, [C4C1im][BF4], [C4C1im][NTf2] (1-butyl-3-methylimidazolium 
bis(trifluoromethyl)sulfonylamide), and [C4C1im][PF6].
14 The benefit of using NIR is the ability 
to analyze water concentration in real-time, and in a non-invasive manner. However, due to the 
overlap of spectra for ILs and water, measurements by NIR require a high-performance apparatus 
and post-data deconvolution techniques.14 Atmospheric Pressure X-ray Photoelectron 
Spectroscopy (APXPS) is another technique which is starting to be applied to study water in ILs, 
and while this also requires post-data treatment to remove background water spectra, the tool is 
extremely useful for observing the interactions of water at the ionic liquid interface within the top 
few nanometers of the sample. Therefore, the application of APXPS can be a beneficial tool for 
analysis of vapor sorption at the interface of ILs. Broderick et al.15 have used APXPS to measure 
the concentration and interactions of water at the IL-water interface for 1-butyl-
methylimidazolium acetate [C4C1im][OAc] and have also performed a collaborative comparison 
against bulk sorption data investigated in the present study. 
To measure the bulk water sorption in ionic liquids, a gravimetric technique has been 
developed. Examples include gravimetric methods in which the IL sample is placed on a balance 
in a temperature controlled space and use saturated salt solutions in proximity to the sample.3,13,16 
The salt solutions generate a specific relative humidity (RH) at a given temperature, while the RH, 
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temperature, and weight of the IL sample are measured as a function of time. A drawback in using 
this technique is the limitation of RH setpoints to the type of salt and the temperature at which the 
system is operated. Furthermore, the RH equilibration times are long, and this can affect the kinetic 
analysis. Some of these disadvantages have been overcome by replacing the saturated salt with a 
humidity generator.17 
Humidity generating instruments achieve RH values using a combination of dry and water-
saturated inert gas streams. The sample is exposed to the desired RH and weighed gravimetrically. 
This technique allows the instrument to quickly reach RH setpoints, which provides a better 
kinetics analysis of water sorption into ionic liquids. The instruments can regulate the temperature 
and humidity using feedback control and can be programmed to measure multiple temperature and 
RH isotherms. This type of equipment is beneficial for measuring the vapor-liquid equilibria of 
water into ionic liquids at precise atmospheric conditions. An IGAsorp microbalance, a Dynamic 
Vapor Sorption (DVS) analyzer designed by Hiden Isochema Ltd., was used to measure the 
absorption and desorption of water into five imidazolium-based ILs ionic liquids [C2C1im][BF4], 
[C2C1im][TFES] (1-ethyl-3-methylimidazolium 1,1,2,2-tetrafluoroethanesulfonate), 
[C2C1im][OAc], [C4C1im][OAc], and [C4C1im][Cl]. Chapter 2 provides a description of the 
IGAsorp technique and the experimental details of the sorption measurements.  
1.2.3 Liquid-Liquid Equilibria 
There have also been studies investigating water-IL mixtures as a functional design method 
to create IL systems which achieve certain properties.18,19 One example includes the extraction of 
biopolymers using binary mixtures of hydrophobic ionic liquids and water.20 Ionic liquid mixtures, 
consisting of two ILs with a common cation or anion are also being studied.21 Arce et al.22 mixed 
two ILs with the same anions, trihexyl(tetradecyl)phosphonium chloride [P6,6,6,14][Cl] and 1-alkyl-
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3-methylimidazolium chloride [CnCnim][Cl] (where the alkyl cations were shorter than the hexyl 
cation) and observed a broad range of temperature and compositions at which the system was 
biphasic. The phase separation was primarily a function of the large difference in cation structure. 
Kohno and Ohno,19 investigated a mixture of hydrophobic and hydrophilic phosphonium-based 
ILs and found that several of those mixtures exhibited a Lower Critical Solution Temperature 
(LCST)-type phase separation, meaning the system was homogenous at low temperature, but 
separated into two liquids at higher temperatures. They were therefore able to manipulate the 
miscibility of the system by controlling the temperature. Ternary mixtures of ILs and water are not 
commonly studied except for the work of Kohno and Ohno.19 
The effect of water addition on equimolar mixtures of [C2C1im][NTf2]+[C2C1im][OAc], 
[C2C1im][NTf2]+[C2C1im][Cl], and [C2C1im][OAc]+[C2C1im][Cl] will be discussed in Chapter 5. 
The results were originally predicted by molecular simulations and are confirmed by experiments 
performed in the present study. Furthermore, this work measures the concentration of each species 
in the resulting phases using several analytical techniques, including 1H NMR, 19F NMR, Karl 
Fischer, and Ion Chromatography. 
1.3 Objectives 
The main objectives of this research thesis are: 
• to provide an overview of the gravimetric microbalance technique for measuring 
water absorption in ionic liquids (Chapter 2),  
• to provide reproducible and accurate solubility data for water absorption and 
desorption in five ionic liquids, and to model water sorption using solution models 
(Chapter 3),  
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• to determine the diffusion coefficients of water sorption in ILs, and to evaluate the 
results using kinetic and thermodynamic analysis (Chapter 4) , 
• to highlight the phase equilibria effect of water addition to IL-IL mixtures (Chapter 
5). 
This thesis will end with overall conclusions and recommendations for future work 
(Chapter 6). 
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Chapter 2: Sorption Analysis Using the Gravimetric Technique 
2.1 Introduction 
The use of microbalance instruments for the solubility measurement of gases in ionic 
liquids has been proven reliable by several researchers.23–26 The non-volatility of ILs makes them 
good candidates for this measurement technique. Anthony and coworkers24,27 were the first to 
study CO2 solubility in ILs using the Hiden IGA gravimetric microbalance, and researchers 
continue to use the gravimetric technique to measure solubility of a range of gases in ILs, including 
fluorocarbons, noble gases, inert gases, CO2, H2, and O2, to name a few.
25,28 
Water solubility has also been measured in a few ILs by Anthony et al.23 who used the IGA 
microbalance and a leak valve which allowed water vapor into the sample chamber. However, a 
disadvantage of this setup was the possibility of water condensation in the balance electronics 
which could affect the results. In 1997, Hiden Isochema Ltd. (then Hiden Analytical) introduced 
the IGAsorp, a Dynamic Vapor Sorption (DVS) instrument, specifically designed to measure the 
sorption of vapor into materials. The IGAsorp microbalance uses nitrogen as the carrier gas and 
overcomes the water condensation issue by using a constant flow of nitrogen gas on the 
microbalance parts with a purge located between the sample chamber and the balance chamber.  
The IGAsorp microbalance has been used for quality control studies in the 
pharmaceutical,29 electronics,30–32 and construction industries33,34 to understand the impact of 
moisture on water sensitive products. Other groups,35–37 have also used the IGAsorp to study the 
sorption of water in ILs. Dahi et al. compared the effects of different cations and anions on water 
vapor sorption over a wide range of water activity.35 They also used the IGAsorp with organic 
solutes to investigate the separation capabilities of supported ionic liquid membranes for water and 
other organic vapors including cyclohexane and ethanol.36 In summary, gravimetric analysis is a 
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highly accurate experimental method for assessing the interaction between water and materials, 
and it is the method of choice for this research. 
2.2 IGAsorp Overview 
 The Hiden IGAsorp is an ultra-sensitive electrobalance with 0.05 μg resolution and a 
weighing capacity limit of 1 g. It operates at ambient pressure and has a temperature working range 
of 278 K to 573 K (with the optional pre-heater). The balance is composed of a counterweight side 
(j) and a sample side (i), as shown in Figure 2.1. On each end of the balance beam, a tungsten hook 
connects to a gold chain. At the opposite end of each gold chain, a second tungsten hook connects 
to either the counterweight or the sample container. The counterweight is made of stainless-steel 
wire, and the sample cups used in this study were Pyrex® glass bulbs (as shown in Figure 2.2a). 
For solid samples, the sample container is a cone-shaped mesh basket (Figure 2.2b) which allows 
vapor transport through all solid faces. 
 




Figure 2.2. Sample containers for IGAsorp. Container (a) is used for liquids, and container (b) is used for solids. 
 
The relative humidity in the IGAsorp is controlled through a measured combination of dry 
and wet nitrogen streams. Dry nitrogen enters the instrument and is divided into streams directed 
by the two mass flow controllers (MFC). The IGAsorp has a pressure relief set at 300 kPa to 
prevent damaging the MFCs. One of the streams directs nitrogen gas through a water reservoir, 
where the gas is saturated with the water at a set temperature controlled by the water bath. The wet 
and dry stream combine, and the mixed flow is directed to the sample chamber. A relative humidity 
sensor (Vaisala HMT333), with measurement accuracy of ± 1 % RH (at 0-90 % RH) and ± 2 % 
(at 90-95 % RH), and a platinum RTD (± 0.1 K) located within the sample chamber provide PID 
feedback control to the MFCs at ± 0.1 % RH regulation accuracy. 
 The instrument uses different “climate modes” to achieve a range of relative humidity 
values. It is important to note that the sample chamber can be controlled by the water bath or by 
the heater (which is included with the IGAsorp-XT or as an accessory to the IGAsorp). 
Temperature regulation for the water bath is 278 K to 353 K (± 0.05 K), and the heater can reach 
temperatures as high as 623 K (± 1 K). The water reservoir is regulated only by the water bath.  
The conventional option is Climate mode, which uses a total gas flowrate of 250 ml/min and is 
optimal for measuring relative humidity values ranging from 2 % to 95 % RH. Climate mode 
operates by controlling the sample chamber and the water reservoir at the same temperature with 
the water bath. Therefore, when the system is set to a specific temperature and % RH in the sample 
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chamber, the percent of wet flow rate (wet flow/total flow x 100 %) is adjusted to that value. For 
example, if the desired condition at the sample chamber is 5 % RH at 303.15 K, the wet flow rate 
is set to about 5 %. The % RH is a function of the vapor pressure of water (PH2O) divided by the 
saturation pressure (P0) at a specific temperature as shown in Eq. 2.1. The saturated vapor pressure 
of water is calculated using REFPROP v9.1,38 which is based on the work of Wagner and Pruss.39 
 % 𝑅𝐻 =
𝑃𝐻2𝑂
𝑃0(𝑇)
× 100 % (2.1) 
At T = 303.15 K and 5 % RH set point, the vapor pressure of water in the reservoir and for the wet 
stream is 4.2 kPa, and the desired water partial pressure in the sample chamber is (5/100 x 4.2 kPa 
=) 0.21 kPa. Therefore, in order to generate water vapor at 0.21 kPa, the total flow rate should be 
composed of (0.21 kPa/4.2 kPa x 100 %=) 5 % wet flow rate and 95 % dry flow rate. 
The Climate XT mode should be used when working at low humidity conditions (0 – 5 % 
RH). It uses a different process than the Climate mode to achieve the desired low humidity set 
points. Climate XT mode operates at 500 ml/min, controls the temperature of the water reservoir 
using the water bath, and controls the sample chamber temperature using the heater. This method 
allows the IGAsorp to reach lower humidity values without having to go below the IGAsorp’s 
minimum wet flowrate of 2 %. The instrument achieves this by having the reservoir at a lower 
temperature and lower saturation pressure than at the sample chamber. Therefore, the partial 
pressure of water must be higher at the reservoir to achieve the desired % RH, which requires the 
wet flow rate to be higher than it would have been using the normal Climate mode. For example, 
if the desired RH set point is 0.8 % at 303.15 K, the sample chamber will be controlled at 303.15 
K, and the water reservoir will be set at a lower temperature, for example 285.15 K. At 303.15 K 
and 0.8 % RH, the desired vapor pressure of water is (0.8/100 x 4.2 kPa =) 0.034 kPa, and the 
vapor pressure of water in the reservoir is 1.4 kPa at 285.15 K. To achieve a 0.034 kPa water vapor 
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pressure in the sample chamber, the total flow would have to be (0.034 kPa/1.4 kPa x 100 % =) 
2.4 % wet flow and 97.6 % dry flow. The operating software for the Hiden microbalances, the 
HIsorp program, intelligently controls the IGAsorp reservoir temperature to achieve the target flow 
rate and relative humidity conditions. 
In addition to data acquisition and control, HIsorp can also predict sorption equilibrium in 
real time. The default method used is the Linear Driving Force exponential model, shown in Eq. 
2.2, where y (mg) is the total weight of the sample at time t (min), y0 (mg) is the initial weight, ∆y 
(mg) is the weight change, t0 (min) is the initial time, and k is the kinetic rate constant (min-
1). The 
standard deviation using this prediction is low (<< 0.01 mg).  
 𝑦 = 𝑦0 + ∆𝑦[1 − 𝑒
−(𝑡−𝑡0)𝑘] (2.2) 
At low T and high % RH conditions, the time to reach equilibrium in IL systems could be 
over 50 hours; therefore, the LDF model was used in this study to predict the absorption/desorption 
solubility of water in ILs. The slow sorption was expected due to the high viscosity of the ionic 
liquids, the ambient pressure driving force, and most importantly, there was no mixing, such that 
the equilibrium was purely diffusion-driven with no convection. 
2.3 Data Corrections 
Microgravimetric balances are sensitive instruments, and measurement error can easily be 
introduced through changes in buoyancy, temperature, and partial pressure. Aerodynamic drag 
forces and the changes in the sample volume can also affect the microbalance results. Not adjusting 
for these errors may lead to large inaccuracies (0.1 – 5 mg),26 fortunately the IGAsorp is designed 
to minimize these errors.  
The electrobalance housing is maintained at 343 K (± 0.05 K) and is constantly purged 
with dry nitrogen to reduce any effects due to temperature and humidity changes near the beam 
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balance and electronics. A correction for additional effects in the balance, such as buoyancy forces, 
volume expansion, and drag forces, is applied using a force balance and assuming additive molar 
volumes. Three forces act on each balance component: a gravimetric force (FG), a drag force (FD), 
and a buoyancy force (FB). FG and FD are downward forces, where FG is the effect of gravity on 
the objects, and FD is the drag force which acts in opposing direction to the gas flow (in the 
IGAsorp, gas flow occurs from the bottom of the sample chamber directed upwards). FB is the 
upward force exerted on an object and is equivalent to the weight of fluid displaced. Using 
Archimedes’ principle, buoyancy can be calculated using Eq. 2.3,  
 𝐹𝐵 = 𝐵𝑢𝑜𝑦𝑎𝑛𝑐𝑦 = 𝑔𝑉𝑖𝜌𝑔(𝑇, 𝑅𝐻) = 𝑔
𝑚𝑖
𝜌𝑖
𝜌𝑔(𝑇, 𝑅𝐻) (2.3) 
Equation 2.3 shows FB is a function of temperature and the concentration of the vapor displaced, 
which is directly related to the % RH. The density of the surrounding gas, 𝜌𝑔, is estimated using 





where MWi is the molecular weight of species i, R is the ideal gas constant, and 𝑃𝐻2𝑂 and 𝑃𝑁2are 
partial pressures of water and nitrogen, respectively. The partial pressure of water was determined 
in Eq. 2.1 using the RH relationship. A force balance on the components shown in Figure 2.1 leads 
to Eq. 2.5, where FMeas is the weight reported and measured by the IGAsorp. The correction factor, 
Cf, is a function of T and % RH, which is applied to drive FMeas to approach zero when the sample 
container is empty (i.e., when FM(s) and FM(a) are zero). 
 𝐹𝑀𝑒𝑎𝑠 = ∑ 𝐹𝑀(𝑖𝑁) − ∑ 𝐹𝑀(𝑗𝑁) + 𝐹𝑀(𝑠) + 𝐹𝑀(𝑎) − (∑ 𝐹𝐵(𝑖𝑁) + 𝐹𝐵(𝑠) + 𝐹𝐵(𝑎)) + ∑ 𝐹𝐵(𝑗𝑁) +
𝐹𝐷 + 𝐶𝑓   (2.5) 
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In theory, drag effects may be calculated using the aerodynamic or viscous drag equations 
depending on the Reynolds number, however, in practice this study bundles the drag effects with 
the correction factor Cf.  
 The IGAsorp procedure is as follows, the microbalance is loaded with the empty sample 
container and counterweight of choice. The balance is tared at room temperature approximately 
295 K, 0.1 MPa, and 40 % RH. Next, the isotherms begin with a desired temperature and a 0 % 
RH set point to determine a “dry” container mass. The isotherms are performed on the empty 
container at the same T and % RH conditions planned for the IL samples. The empty container 
mass data are used to determine the Cf value for each isotherm as described later in this chapter. 
Once the empty cup isotherms are complete, a new experiment is started, and the microbalance is 
again tared with the empty container. Next, the IL is loaded into the container to begin pre-
treatment. Once the pre-treatment is complete, the sorption experiments begin by first measuring 
an “uncorrected dry” IL sample mass at 0 % RH and a set T .  
Based on the operating procedures, the force balance is further simplified with the 
assumption that when the balance is tared, FM(iN) = FM(jN). However, it is worthwhile to note that 
the balance is tared at a set point (approx. 295 K and 40 % RH) which is different than the “dry” 
container mass conditions (at 0 % RH and a set T). Therefore, FM(iN)-FM(jN) is replaced with ZC 
(or zero correction) which is equal to the “dry” container mass measured at 0 % RH and a set T. 
Substituting the buoyancy and gravimetric terms and canceling out the gravity term in Eq. 2.5, 
results in Eq. 2.6: 













𝜌𝑔(𝑇𝑗 , 𝑅𝐻)𝑗 + 𝐶𝑓(𝑇𝑠, 𝑅𝐻)  (2.6) 
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 Equation 2.6 includes the mass measured by the IGAsorp (mMeas), the sample IL mass (ms), 
the absorbed water mass (ma), and the mass of components i and j, all listed in Table 2.1 with the 
respective temperatures and densities. The density of all ILs were determined from literature (see 
Appendix A). The first step in using Eq. 2.6 is to solve for the Cf value, using the empty container 
isotherm measurements. The variable Zc is the “dry” container mass at the specific isotherm 
temperature evaluated, ms and ma are both zero, and in theory mMeas should be equal to zero, but, 
due to instrument error, it most likely is not. Therefore, a linear (slope and intercept) function (Cf) 
is fit to the mMeas data as a function of RH for each isotherm.  
 The next step is to determine the “corrected dry” IL sample mass (ms) for a specific 
isotherm temperature. The measured “uncorrected dry” IL mass is used in Eq. 2.6 as mMeas, where 
ma is zero, and the term Zc is equal to the “dry” container mass at the same temperature. All other 
variables are known, and Eq. 2.6 is solved iteratively for ms.  
 Finally, the determined values Cf, Zc, and ms are used in Eq. 2.6 to calculate the mass of 
water absorbed (ma) at RH values > 0 %. Due to the low solubility of nitrogen in ionic liquids 
(0.001 mole fraction N2 in [C2C1im][BF4] at 298.15 K and 101 kPa),
40,41 the mass absorbed (ma) 










Table 2.1. IGAsorp components 







s Sample Variable ms ρs Sample Temp 
a Interacted Vapor Water ma ρa Sample Temp 
i1 Sample Container Bulb Pyrex varies 2.23 Sample Temp 
i2 Lower Sample Hook Tungsten 0.0057 19.04 Sample Temp 
i3 Sample Chain 22 Ct. Gold 0.0930 11.10 Temp Profile i 
i4 
Sample Side Balance 
Hook 
Tungsten 0.0059 19.04 343.15 
j1 Counterweight (CW) 316 SS varies 7.89 333.15 
j2 Lower CW Hook Tungsten 0.0057 19.04 333.15 
j3 CW Chain 22 Ct. Gold 0.0650 11.10 
Top half = 338. 15 
Bottom half = 333.15 
j4 CW Side Balance Hook Tungsten 0.0058 1.04 343.15 
 
The balance housing is controlled and maintained at 343.15 K ± 0.1 K, the counterweight 
chamber is not temperature controlled but is often at approximately 333.15 K, and the sample 
chamber temperature is controlled using the water bath or the heater. Therefore, a temperature 
profile is present along both sides of the balance, as reported in Table 2.1.  It is estimated that the 
top section of the counterweight gold chain is at 338.15 K, and the bottom half at 333.15 K. The 
sample side gold chain temperature profile is divided into two zones. The temperature of the top 
section is an average between the sample temperature (Tsample) and the balance chamber 
temperature (343.15 K). The bottom section is at Tsample. In addition, there is also a humidity 
profile, where the counterweight side, the balance housing, and the top third section of the sample 
side chain are in pure nitrogen gas. The bottom two-thirds of the sample side gold chain are 
assumed to be at the same relative humidity as the sample. The temperature and RH profile for the 




Figure 2.3. Temperature profiles on IGAsorp components. The shaded region indicates the sections which are assumed 
to be at the same RH value as the sample. The unshaded areas are assumed to be at 0 % RH or pure nitrogen.  
 
2.4 Experimental Details 
The solubility of water was measured in five ionic liquids, namely: 1-ethyl-3-
methylimidazolium tetrafluoroborate [C2C1im][BF4] (≥ 98.5% purity, Fluka, Lot and Filling Code 
1084445 11106247, CAS no. 143314-16-3), 1-butyl-3-methylimidazolium acetate [C4C1im][OAc] 
(> 95% purity, Fluka, Lot and Filling Code B.13687 11707B11, CAS no. 284049-75-8), 1-butyl-
3-methylimidazolium chloride [C4C1im][Cl] (> 99.0% purity, Lot and Filling Code 1084617 
22905013, CAS no. 79917-90-1),1-ethyl-3-methylimidzolium 1,1,2,2-tetrafluoroethanesulfonate 
[C2C1im][TFES] (99 % purity, Lot and Filling Code IL-0232-HP-0050 I00113.1.3, CAS no. 
880084-63-9), 1-ethyl-3-methylimidazolium acetate [C2C1im][OAc] (> 98 % purity, Lot and 
Filling Code N00952.7.Inc-IL-0189, CAS no. 143314-17-4). The sorption studies used reverse 
osmosis water (15 mΩ.cm at 298 K) for the reservoir water. Nitrogen gas (Matheson grade < 1 
ppm H2O, Lot code 7727-37-9) was used and a molecular sieve trap (Restek® 22015, Lot Code 
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393152-22015) was installed at the inlet to the microbalance instrument to remove trace amounts 
of water from the nitrogen gas. 
Karl Fischer coulometric titration (Mettler Toledo DL36 Karl Fischer Coulometric 
Titrator) was used to measure the as-received water content for each ionic liquid. Prior to every IL 
measurement, the accuracy of the Karl Fischer (KF) instrument was checked with a water standard 
(94 ± 10 ppm H2O, Apura®, Merck KGaA, Prod. no. 1.88050.0010, Lot code HC61276950). The 
water concentrations in [C2C1im][BF4], [C2C1im][TFES], [C2C1im][OAc], [C4C1im][OAc], and 
[C4C1im][Cl] were determined to be 249 ppm ± 13 ppm, 489 ± 93 ppm, 4802 ± 125 ppm, 2200 
ppm ± 400 ppm, and 4636 ± 53 ppm, respectively. The KF measurement for water content in 
[C4C1im][OAc] was performed after drying the system at 323.15 ± 1 K under vacuum and with 
stirring for 7 days. The chemical name, molecular weights, decomposition temperatures, and the 













Table 2.2. Name, molecular weight, decomposition temperature, and structure of ionic liquids investigated 

























[C4C1im][Cl] 174.67 507.2 K45 
 
 
The temperatures and relative humidity values at which the ILs were measured varied by IL and 
are listed in Table 2.3. 
 
Table 2.3. Experimental conditions at which the ionic liquids were measured 
Ionic Liquid Temperature (K)a Relative Humidity (%)b 
[C2C1im][BF4] 298.15; 303.15 0; 10.67; 30.67; 50.67; 60.67; 70.67; 80.67 
[C2C1im][TFES] 273.15; 303.15; 313.15 0; 1; 5; 10; 15; 20; 25 
[C2C1im][OAc] 273.15; 303.15; 313.15 0; 2.5; 5; 10; 15; 20; 25 
[C4C1im][OAc] 294.85; 303.15; 315.15 0; 1.47; 1.67; 5.67; 10.67; 15.67; 20.67; 25.67 
[C4C1im][Cl] 283.15; 295.15; 303.15 0; 1.67; 5.67; 10.67; 15.67; 20.67; 25.67 
a Uncertainty in the temperature measurements are ± 0.01 K.  
b Uncertainty in the relative humidity measurements is ± 1.00 % RH, except for the 0 % set point. Some data have 




2.5 Experimental Methodology 
 Approximately 60 mg of IL were loaded into a clean Pyrex® glass container at room 
temperature (295 ± 1 K) and room humidity (40 ± 1%) and placed in the IGAsorp. This process 
was done as quickly as possible to minimize absorption of atmospheric water into the ionic liquid 
(< 5 minutes). Prior to every isothermal sorption measurement, a pre-treatment isotherm was 
performed at 348.15 ± 0.01 K and 0 % RH for 15 hours in the IGAsorp to remove any traces of 
residual water. The IL decomposition of [C2C1im][TFES] is below 348 K (see Table 2.2), 
therefore, the pre-treatment temperature was set to 298 ± 1 K for the 293.15 K and 303.15 K 
isotherms, and the pre-treatment temperature was set to 318.15 K for the 303.15 K isotherm. 
Each relative humidity set point had a minimum time-out of 3 hours, and in some cases, a 
maximum time-out of 100 hours to allow ample time for vapor-liquid equilibrium to be achieved. 
Moreover, the IGAsorp software, HIsorp, can predict the equilibrium water solubility using real-
time weight vs. time data with the LDF model shown previously in Eq. 2.2. For further details on 
the methodology see Appendix A. 
 
2.6 Conclusion 
The gravimetric technique has been shown to be a reliable method for sorption of gases 
and vapors in ionic liquids. This research used the Hiden IGAsorp microbalance for measurement 
of solubility of water in five ionic liquids. This study included a correction factor for the buoyancy 
effects on the balance components. In addition, a detailed force balance on the components was 
described and included the effects of temperature and relative humidity.   
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Chapter 3: Solubility Results and Thermodynamic Modeling 
3.1 Introduction 
Measurements of in situ water absorption and desorption in five ionic liquids (1-ethyl-3-
methylimidazolium tetrafluoroborate [C2C1im][BF4], 1-ethyl-3-methylimidazolium 1,1,2,2-
tetrafluoroethane-1-sulfonate [C2C1im][TFES], 1-ethyl-3-methylimidazolium acetate 
[C2C1im][OAc], 1-butyl-3-methylimidazolium acetate [C4C1im][OAc], and 1-butyl-3-
methylimidazolium chloride [C4C1im][Cl]) were made using the IGAsorp gravimetric 
microbalance at temperatures ranging from 283.15 K to 315.15 K and percent relative humidity 
(% RH) 0 % to 70 % at 101 kPa. The non-random two liquid (NRTL) activity coefficient model 
was used to correlate the solubility data, and the energy parameters (α, τ12, and τ21) provided some 
insight into the solubility differences observed for these systems.  
3.2 Sorption Isotherms 
The first ionic liquid studied was [C2C1im][BF4], where water vapor sorption was measured 
at 298.15 K and 303.15 K at RH values ranging from 0 % to 70 %. The solubility results are 
provided in Appendix A. A comparison of the water absorption and desorption as a function of the 
partial pressure of water is shown in Figure 3.1a. The data measured in this study show no sign of 
hysteresis (i.e., the absorption and desorption results are the same), indicating the sorption 
mechanism of water into [C2C1im][BF4] is physical. Plotting the solubility results as a function of 
RH removes the effect of temperature on solubility and the data lie on the same curve, as shown 







Figure 3.1. Absorption and desorption isotherms of water in [C2C1im][BF4] at 298 K and 303 K as (a) a function of 
partial pressure of water and (b) a function of relative humidity. Data at 298 K is shown in blue circles and data at 
303 K is shown in red squares. Filled symbols represent absorption and open symbols represent desorption. 
Uncertainties for the data measured in this work were determined to be < 0.1 mol%. Black dotted and dashed lines 
are the fitted absorption data measured by Takamuku et al. and the grey dashed line is the fitted desorption data by 
Takamuku et al.12  
The experimental absorption and desorption measurements were compared to previously 
published data by Takamuku et al.12 who used a similar instrument; a Rubotherm gravimetric 
balance. The Rubotherm instrument is a magnetic suspension balance which measures the weight 
of a sample in a closed chamber using an external microbalance, where the environment 
surrounding the sample is not in direct contact with the balance. This allowed the Takamuku group 
to measure the sorption of water in [C2C1im][BF4] using only water vapor and no inert gas carrier, 
such as nitrogen which was used in the present work. A comparison of the results shows the data 
measured in this study and those measured by Takamuku et al.12 are in close agreement (%AARD 
< 4.6 %), as shown in Figure 3.1. The slight deviation in the results at higher humidity can be 
attributed to the buoyancy correction applied in the current analysis. The comparison confirms that 
using nitrogen as a carrier gas has no effect on the solubility of water in [C2C1im][BF4] and that 
the IGAsorp is an accurate and reliable instrument for measuring water sorption in ionic liquids. 
The solubility of N2 in [C2C1im][BF4] has been measured to be quite low (0.001 mole fraction N2 
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at 298.15 K and 101 kPa);40 therefore, the effect on the water solubility measurement was expected 
to be negligible. The solubility of N2 in the other ionic liquids measured in this study was expected 
to be within the same range and has no effect on the water solubility measurements.41 
 The measured solubility of water in [C2C1im][TFES], [C2C1im][OAc], [C4C1im][OAc] and 
[C4C1im][Cl] as a function of water partial pressure and % RH are shown in Figures 3.2 – 3.5, 
respectively. As expected, the concentration of water in the ionic liquids increases with increasing 
relative humidity (or partial water vapor pressure) and decreases with increasing temperature as 
shown in Figures 3.1-3.5. In addition, little to no difference was observed between absorption and 
desorption measurements as shown in Figures 3.1a-3.5a, which indicates that the sorption process 
is physical and reversible. When the solubility data are plotted as a function of % RH, the isotherms 
converge and overlap, as shown in Figures 3.1b-3.5b. The absorption of water depends only on 
the relative humidity which incorporates the effect of temperature via the saturation pressure of 
water P0 as shown in Eq. 2.1 (see Chapter 2). 
 
Figure 3.2. Absorption and desorption isotherms of water in [C2C1im][TFES] at 293.15 K, 303.15 K, and 313.15 K 
as (a) a function of partial pressure of water and (b) a function of relative humidity. Blue circles represent data at 
293.15 K; red squares represent data at 303.15 K; green diamonds represent data at 313.15 K. Filled symbols 
represent absorption and open symbols represent desorption. The black solid lines are calculated with the NRTL 





Figure 3.3. Absorption and desorption isotherms of water in [C2C1im][OAc] at 293.15 K, 303.15 K, and 313.15 K as 
(a) a function of partial pressure of water and (b) a function of relative humidity. Blue circles represent data at 293.15 
K; red squares represent data at 303.15 K; green diamonds represent data at 313.15 K. Filled symbols represent 
absorption and open symbols represent desorption. The black solid lines are calculated with the NRTL equation. 
Uncertainties are < 0.1 mol%. 
 
Figure 3.4. Absorption and desorption isotherms of water in [C4C1im][OAc] at 294.85 K, 303.15 K, and 315.15 K as 
(a) a function of partial pressure of water and (b) a function of relative humidity. Blue circles represent data at 294.85 
K; red squares represent data at 303.15 K; green diamonds represent data at 315.15 K. Filled symbols represent 
absorption and open symbols represent desorption. The black solid lines are calculated with the NRTL equation. 





Figure 3.5. Absorption and desorption isotherms of water in [C4C1im][Cl] at 283.15 K, 295.15 K, and 303.15 K as (a) 
a function of partial pressure of water and (b) a function of relative humidity. Green triangles represent data at 283.15 
K; blue circles represent data at 295.15 K; red squares represent data at 303.15 K. Filled symbols represent absorption 
and open symbols represent desorption. The solid black lines are calculated with the NRTL equation. Uncertainties 
are < 0.1 mol%. 
 
Figure 3.6. Solubility data comparison for [C2C1im][BF4], [C2C1im][TFES], [C2C1im][OAc], [C4C1im][OAc], and 
[C4C1im][Cl] at 303.15 K. Black diamonds are [C2C1im][BF4], green triangles are [C2C1im][TFES], blue inverted 
triangles are [C2C1im][OAc], red circles are [C4C1im][OAc], and pink squares are [C4C1im][Cl]. Filled symbols 
represent absorption, and open symbols represent desorption. The solid lines are calculated with the NRTL equation. 
The NRTL fit for [C2C1im][BF4] was developed using experimental data from Takamuku et al.12 
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A comparison of the water solubility at 303.15 K in all five ionic liquids indicates that the 
solubility of water is highest in [C2C1im][OAc] and lowest in [C2C1im][BF4], where the water 
absorption in [C2C1im][OAc] is higher than that of [C2C1im][BF4] even at much lower relative 
humidity (i.e., 25 % RH). This is not surprising as the cations studied here ([C2C1im] and [C4C1im]) 
have similar chain lengths and the anions have the primary effect on water solubility. It is well 
known that the acetate anion is a very hydrophilic ion, and although the BF4¯ anion has been often 
referred to as “hydrophobic,” ILs with BF4¯ anions have been observed to uptake significant 
amounts of water (>12 wt.%).46 Based on the water sorption measurements in this study, the 
strength of the water-IL interactions are observed in the order: [C2C1im][OAc] > [C4C1im][OAc] 
> [C4C1im][Cl] > [C2C1im][TFES] > [C2C1im][BF4]. The higher water solubility in 
[C2C1im][OAc] than in [C4C1im][OAc] was expected as the [C2C1im] cation has a shorter alkyl 
chain than the [C4C1im], and it has been observed in literature that the hydrophilicity of ionic 
liquids decrease with increasing alkyl chain length.46 
The shape of the isotherms is another clear difference between the water-IL systems, shown 
in Figure 3.6. The isotherms of H2O-[C2C1im][OAc], H2O-[C4C1im][OAc], and H2O-
[C4C1im][Cl] exhibit typical Langmuir-type isothermal behavior, while the isotherms of H2O-
[C2C1im][BF4] appear to be essentially linear over the measured RH range (0 – 70 % RH). The 
isotherms of H2O-[C2C1im][TFES] in general also show a linear behavior over the measured RH 
range (0 – 25 %), but the higher temperatures appear to indicate a slight concave curvature at the 






3.3 Thermodynamic Modeling 
The solubility of water in the five ionic liquids was modeled using the NRTL activity 
coefficient model which has been used successfully to fit other water-ionic liquid systems.35,47,48 
The NRTL model can be applied to the current systems because the measured pressures are low 
(P ≤ 101.325 kPa) and the vapor pressure for the ionic liquid is assumed to be negligible (P2 = 0). 
The calculation begins with the vapor-liquid equilibrium of a binary mixture (Eq. 3.1) where i 
represents the species (1) water and (2) IL, γ is the activity coefficient, x is the mole fraction of i 
in the liquid phase, f/P is the fugacity coefficient, and y is the mole fraction of i in the gas phase. 












Equation 3.1 can be simplified assuming the absorption of nitrogen into ionic liquids is minimal, 
the vapor pressure of ILs are negligible, and due to the sufficiently low pressures, the fugacity 
coefficient corrections are essentially equal to one. Calculated (f/P)sat,H2O values can be found in 
Appendix A. These assumptions result in the simplified equation (Eq. 3.2): 
 𝑥1𝛾1𝑃1
𝑠𝑎𝑡 = 𝑃1 (3.2) 
The activity coefficient can be calculated using the NRTL model as shown in Eq. 3.3, where τ12 
and τ21 are the dimensionless interaction parameters. 











This form can be further simplified using Gij = exp(-αijτij) and x2 =1-x1 giving the following 
equation: 
𝑃1 = 𝑃1










As typically done in literature,49,50 τ12 and τ21 were modelled using two empirical parameters: τ12 = 
b12+c12/T and τ21 = b21+c21/T. The αij term is called the non-randomness parameter, and it is often 
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set to be α = αi j = αji. The temperature independent parameters α, bij, and cij were determined by 
fitting the solubility data of all isotherms to Eq. 3.4, using a least squares difference method on the 
measured pressure and the pressure estimated by the model. The parameters are provided in Table 
3.1 along with S, the standard error of regression. The standard error of regression, also known as 
RMSE (Root Mean Square Error), was calculated using Eq. 3.5, where ŷi is the predicted pressure, 
yi is the measured pressure, and n is the number of measurements. 





𝑖=1  (3.5) 
















[C2C1im][BF4] 0.82 13.53 -3139.19 -0.86 271.61 0.04 149 
[C2C1im][TFES] 0.08 55.86 5334.43 -2.20 528.53 0.02 31 
[C2C1im][OAc] 0.12 -9.29 5303.02 -1.57 -2170.91 0.01 26 
[C4C1im][OAc] 0.16 6.76 -122.00 -5.82 -388.00 0.05 39 
[C4C1im][Cl] 0.32 7.05 -3009.51 -2.25 -201.01 < 0.01 33 
 
The model correlations for [C2C1im][TFES], [C2C1im][OAc], [C4C1im][OAc] and 
[C4C1im][Cl] are shown in Figures 3.2 – 3.6. This study only measured two temperatures for the 
[C2C1im][BF4] system, therefore, the solubility data for water in [C2C1im][BF4] at temperatures of 
283 K, 291 K, 298 K, and 303 K were obtained from Takamuku et al.12 and correlated with the 
NRTL model. Overall, the NRTL model provides an excellent fit for all five systems as shown by 
the low standard errors of regression in Table 3.1. Considering that α is a measure of non-
randomness, and α = 0 describes the ideal random system, it can be concluded that the most non-
ideal system is [C2C1im][BF4] with α = 0.82. It was also attempted to fix the α value to 0.2 and 0.3 
and to solve for the bij and cij parameters for the [C2C1im][BF4] system; however, the standard 
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errors of regression were not optimal (at 1.3 kPa). The nonrandom dispersion of water molecules 
in both [C2C1im][BF4]
12 and [C4C1im][BF4]
35 as described in the literature may provide some 
explanation for this non-ideal behavior. In addition, the similarity of the α values in 
[C2C1im][OAc] (α = 0.12) and [C4C1im][OAc] (α = 0.16) was expected due to the similarity of the 
ionic liquids. The low α value (α = 0.08) of the water-[C2C1im][TFES] system suggests the 
behavior of the mixture is close to an ideal random system; however, it is important to note that 
the fit analysis for the water-[C2C1im][TFES] system is limited to the low water concentrations 
measured (xw: 0 – 30 mol%) as a function of the RH range measured.  
It is also valuable to discuss ∆gij, which is the difference in the energy interaction 
parameters between the water molecules and the ionic liquid molecules. These parameters can be 









Noting that gij values are negative because they represent attractive forces,
51 it is clear that 
the τij values indicate the cation/anion interactions |g22| are stronger than the water/IL |g12| 
interactions for most water-IL systems, except for [C4C1im][Cl] and to a less extent for 
[C2C1im][BF4]. This suggests that water could be promoting ion dissociation of [C4C1im][Cl]
52 
and [C2C1im][BF4]
53; an effect which has been described in literature. In addition, the observation 
of τ21 indicates that for [C2C1im][OAc], [C4C1im][OAc], and [C4C1im][Cl] the water/IL 
interactions |g21| are stronger than the water/water interactions |g11|. On the other hand, the water/IL 
interactions are slightly weaker than the water/water interactions in [C2C1im][BF4]. This 
comparison suggests that substantial water-water bonding interactions exist in the [C2C1im][BF4] 
system which are energetically equal, if not stronger, than the bonding occurring between water 
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and the IL molecules. The τ21 values for [C2C1im][TFES] are also close to zero (τ21 ~ -0.46 ), and 
therefore suggest a similar behavior that hydrogen bonding between water molecules may be 
equivalent to the water-IL forces over the water concentration calculated (0 – 30 mol% H2O). 
 
Table 3.2. NRTL parameters τij calculated for different temperatures of water absorption into [C2C1im][BF4], 






283 2.44 0.10 
291 2.74 0.07 
298 3.00 0.05 
303 3.17 0.04 
[C2C1im][TFES] 
283.15 74.06 -0.40 
303.15 73.46 -0.46 
313.15 72.90 -0.51 
[C2C1im][OAc] 
283.15 8.80 -8.97 
303.15 8.20 -8.73 
313.15 7.65 -8.50 
[C4C1im][OAc] 
294.85 6.34 -7.14 
303.15 6.35 -7.10 
315.15 6.37 -7.05 
[C4C1im][Cl] 
283.15 -3.58 -2.96 
295.15 -3.15 -2.93 
303.15 -2.88 -2.91 
aThe NRTL parameters were determined using experimental data from Takamuku et al. 12 
3.4 Conclusion 
The solubility of water was measured in five ionic liquids ([C2C1im][BF4], 
[C2C1im][TFES], [C2C1im][OAc], [C4C1im][OAc], and [C4C1im][Cl]) using an IGAsorp 
gravimetric microbalance over a range of temperature (293 K to 315 K) and relative humidity (0 
% to 70 %). The solubility of water in [C2C1im][BF4] agreed with published data and provided 
confidence that the method was reliable for measuring water sorption in ionic liquids. The 
solubility of water was the highest in [C2C1im][OAc] (78.4 mol%), followed by [C4C1im][OAc] 
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(77.5 mol%), [C4C1im][Cl] (68.6 mol%), [C2C1im][TFES] (26.5 mol%) and [C2C1im][BF4] (19.5 
mol%) at equivalent conditions (303.15 K and 25 % RH). 
The activity coefficient NRTL model was successfully used to correlate the solubility data 
of the five IL systems. Temperature independent parameters were calculated using the solubility 
for each isotherm. Furthermore, energy interaction parameters (α, τ12, and τ21) provided further 
explanation for the solubility differences observed between [C2C1im][BF4], [C2C1im][TFES], 





Chapter 4: Diffusion and Enthalpy 
4.1 Introduction 
Time dependent concentration data were used to determine the binary diffusion coefficients 
of water in the five water-IL systems. One-dimensional and two-dimensional models were applied 
for the determination of diffusion coefficients. Differences between the water diffusion behavior 
in the ionic liquid systems are discussed by comparing the diffusing radius and heats of absorption 
for each system. 
4.2 Diffusion 
4.2.1 Model Selection 
The mass absorption and desorption of water into the ionic liquids were measured as a 
function of time at each T and % RH using a spherical-shaped sample container shown in Figure 
2.2a (Chapter 2). Due to the shape of the Pyrex® container, the ionic liquid volume was also a 
partial spherical shape (shown in Figure 4.1), where the water vapor present above the partial 
sphere enters the ionic liquid through the planar face. Water diffuses within the IL in radial (r) and 
polar (θ) directions, and the concentration of water is equal across the azimuthal (ϕ) coordinate 
and symmetrical at θ = 0. The diffusion stops at the walls of the glass bulb where the flux boundary 
condition is equal to zero. To simplify the calculation of the diffusion coefficient, the following 
assumptions were made:  
• no convective force is present,  
• the temperature and pressure remain constant,  
• and the ionic liquid-water system is a dilute solution where the thermophysical 




Figure 4.1. Partial spherical structure of the ionic liquid sample volume shown in the shaded region. 
Yet, even with the assumptions in place, a derivation of the two-dimensional mass transfer 
occuring in a spherical-shaped system is quite complicated. Furtheremore, the partial spherical 
shape of the ionic liquid in the sample container complicates the coordinate description of the top 
boundary condition, where the concentration of water is assumed to instantly reach the saturation 
concentration. COMSOL Multiphysics® modeling software was used to simulate the diffusion of 
water into a partial sphere of ionic liquid using Fick’s law of diffusion, where C is the concentration 





= 𝐷∇𝐶 (4.1) 
The geometry of the system in COMSOL was defined by creating half of a two-
dimensional (2D) hemisphere with a radius equal to the radius of the Pyrex® container used, and 
removing a portion of the top section to achieve the height (Boundary 1 in Figure 4.2) equal to the 
height of the ionic liquid. This height was determined using Eq. 4.2, where the mass m (g) of IL, 
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density ρ (g/cm3) of IL, and sphere radius r (cm) were known. The container radius and the mass 
of IL sample, sample container, and counterweight for each IL system are listed in Table 4.1. 
Table 4.1. Size and mass of sample container and counterweight details for IL systems studied 
Ionic Liquid 
Radius of Spherical 
Container 
(cm) 








[C2C1im][BF4] 0.6363 0.5635 0.2707 0.3808 
[C2C1im][TFES] 0.5890 0.5275 0.2704 0.3769 
[C2C1im][OAc] 0.6376 0.5141 0.2706 0.3768 
[C4C1im][OAc] 0.6363 0.5664 0.2707 0.3808 
[C4C1im][Cl] 0.6363 0.6305 0.2707 0.3808 
 
 







𝜋ℎ2(3𝑟 − ℎ) (4.2) 
The COMSOL Multiphysics® software describes the entire geometry of the liquid by 
revolving the 2D shape in Figure 4.2 around the line r = 0 (Boundary 1), thus creating a three-
dimensional (3D) shape. The initial concentration (Eq. 4.3) was applied by setting an initial value 
condition to Domain 1. The saturation assumption (Eq. 4.4) was set to Boundary 2 with a 
concentration condition equal to Cs. The symmetry assumption (Eq. 4.5) was applied using the 
“Axial Symmetry” condition for Boundary 1. Finally, the no flux boundary condition (Eq. 4.6) 
was set on Boundary 3. 
 𝐶 = 𝐶0 throughout the IL when 𝑡 = 0 (4.3) 










= 0 at 𝑟 = 𝑅 (4.6) 
Three methods were considered in the COMSOL Multiphysics® analysis where the 
objective was to minimize the sum of squared differences between the simulation measurement 
and the experimental data (mass vs. time). The experimental mass versus time data is the average 
water concentration (i.e., mass fraction) in the sample at a given time. The output of the COMSOL 
Multiphysics® Simulation is reported in moles of H2O per liquid volume (nH2O/V) as a function of 
position and time. Therefore, the output nH2O/V was integrated over the 3D geometry to obtain total 
moles of H2O (nH2O) and divided by the total mass to obtain composition, as shown in Eqs. 4.7 and 
4.8. 








The first diffusion coefficient calculation method was applied to the time-dependent 
solubility data for the H2O-[C4C1im][OAc] system at 294.85 K and 15.67 % RH, where a value 
for C0 was specified and D and Cs variables were solved. The specified value for C0 (15.28 wt. %) 
was based on the water concentration measured in the ionic liquid at the instant when the RH 
becomes stable. A comparison between the simulation (lines) and the experimental data (circles), 
shown in Figure 4.3a, indicates that the fit is reasonable but could be improved. The second method 
applied included C0 as a parameter to be optimized along with D and Cs. This method provides a 
better fit, as shown in Figure 4.3a but could also be improved if the first few data points were 
deleted. Therefore, the third COMSOL optimization trial was performed deleting the first 3 
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measured points and solving for D, Cs, and Co. The optimized parameters D, Cs, Co, and standard 
errors of regression (S) for each method are shown in Table 4.2, and the methods are listed below: 
• Method 1: C0 value was specified, D and Cs were calculated using all data points. 
• Method 2: D, Cs, and C0 were calculated using all data points. 
• Method 3: D, Cs, and C0 were calculated using all data except for the first 3 points. 
It was also desired to observe if the 1D diffusion approximation previously used by Minnick 
et al.25 could be successfully used to predict the diffusion in this hemispherical system. The 1D 
diffusion approximation is shown in Eq. 4.9, which describes the average concentration of water 
(<C>) as a function of time for an ionic liquid system with height L in a cylindrical container, 
where λn=(n+1/2)π/L. In this case, water vapor enters the liquid system through the top flat face 
and travels downward in the z-direction. It is important to note that L in Eq. 4.9 is not equal to h 
in Eq. 4.2. The radius of the cylinder was assumed to be equal to the partial radius rp (i.e., the 
length of Boundary 2 in Figure 4.2) calculated in Eq. 4.10, and the height (L) of the theoretical 
cylinder was calculated using Eq. 4.11, where the mass of IL m (g), the IL density ρ (g/cm3), and 
sphere radius r (cm) were known. 









𝑛=0 ] (4.9) 





One-hundred and fifty summations were used in Eq. 4.9 because additional terms had an 
impact less than 1 x 10-14 (m2/s) on the D coefficient and less than 1 x 10-4 (mass fraction) on the 
Cs and C0 values. The 1D approximation, Eq. 4.9, was applied to the time-dependent solubility 
data of the H2O-[C4C1im][OAc] system at 294.85 K and 15.67 % RH using the same three methods 
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used previously. The different fits obtained by the 1D diffusion equation are shown in Figure 4.3b 
and Table 4.2 provides the values for D, Cs, C0, and standard errors of regression.  
 
Figure 4.3. Diffusion model comparison between (a) the COMSOL 2D mass transfer simulation and (b) the 1D 
diffusion Eq. 4.9 to determine the binary D coefficient for water in ILs by fitting the mass fraction per time data. 
Open circle symbols are experimental data. Purple short-dashed line represents the fit where C0 value was specified, 
D and Cs were calculated using all data points; red solid line represents the fit where D, Cs, and C0 were calculated 
using all data points; blue long-dashed line represents the fit where D, Cs, and C0 were calculated using all data 
points except for the first 3 measured points. 
 
Table 4.2. Values D, Cs, and C0 determined by the 2D COMSOL simulation and the 1D diffusion equation (Eq. 4.9) 
for the solubility of water in [C4C1im][OAc] at 15 % RH and 294.85 K 
Approach Method 















1 0.5 18.6 20.3 15.4 15.4 0.2 
2 1.1 18.6 19.2 15.4 14.9 0.1 




1 0.8 18.6 18.8 15.4 15.4 0.1 
2 1.1 18.6 18.6 15.4 15.0 0.1 
3 1.3 18.6 18.5 15.4 14.7 0.1 
The 47 data points were fitted. 
Method 1, with a specified value for C0, was not optimum for either the 2D or 1D models, 
and Method 3 eliminated the first three data points which was not preferred. Finally, comparing 
the results for Method 2 predicted by COMSOL Multiphysics® and the 1D diffusion model shows 
that the parameters are not significantly different, as shown in Figure 4.3 and Table 4.2. However, 
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the 1D model predicts a Cs value closer to the measured water solubility; therefore, the 1D model 
was used for the remainder of this study. The measured and calculated solubility of water in the 
five ionic liquid systems using the 1D diffusion model are shown in Tables 4.3-4.7.  
4.2.2 Diffusion Results 





















Abs. 10.67 9.6 8.4 8.5 2.7 2.7 0.1 1092 
Abs. 50.67 5.3 40.4 40.4 25.8 25.8 0.2 2261 
Des. 50.67 3.6 40.4 39.5 59.7 62.4 1.3 1016 
Abs. 70.67 2.6 59.4 59.2 41.9 39.2 0.4 4262 
303.15 
Abs. 10.67 13 9.2 9.2 2.7 2.7 0.1 966 
Abs. 50.67 6.9 41.9 41.8 27.3 24.9 0.2 1830 
Des. 50.67 4.4 41.7 40.7 62.8 65.6 1.6 994 
Abs. 70.67 2.7 60.6 60.5 51.0 49.6 0.3 4919 
a Complete solubility data (including absorption and desorption) can be found in Appendix A. 
b The instrumental uncertainties are: T = ± 0.01 K; % RH = ± 1 %; Cs and C0 < ± 0.1 mol%. See Appendix A for 
more details. 
c The average uncertainties determined by the error of regression are: D = ± 0.1 x 10-11 m2/s; Cs = ± 0.1 mol%; C0 = ± 
0.1 mol%. 


























Abs. 5.00 4.4 6.06 6.08 2.40 1.88 0.03 2298 
Abs. 15.00 4.5 16.18 16.19 11.86 11.30 0.04 2323 
Des. 15.00 5.2 16.22 16.16 24.78 25.97 0.13 981 
Abs. 25.00 4.2 25.65 25.69 21.38 20.78 0.05 2345 
303.15 
Abs. 5.00 7.3 6.39 6.40 2.75 2.27 0.03 2094 
Abs. 15.00 7.4 16.84 16.85 13.01 12.47 0.04 2128 
Des. 15.00 8.8 16.78 16.76 24.90 26.06 0.11 975 
Abs. 25.00 7.4 26.45 26.46 22.16 21.58 0.04 2118 
313.15 
Abs. 5.00 11 6.55 6.56 3.03 2.55 0.03 2276 
Abs. 15.00 11 17.23 17.22 13.24 12.7 0.03 2099 
Des. 15.00 14 17.15 17.15 25.46 26.64 0.09 1689 
Abs. 25.00 12 26.90 26.90 22.89 22.33 0.04 2276 
a Complete solubility data (including absorption and desorption) can be found in the Appendix A. 
b The instrumental uncertainties are: T = ± 0.01 K; % RH = ± 1 %; Cs and C0 < ± 0.1 mol%. See Appendix A for 
more details. 
c The average uncertainties determined by the error of regression are: D = ± 0.1 x 10-11 m2/s; Cs = ± 0.1 mol%; C0 = ± 
0.1 mol%. 
d S is the standard error of regression for the 1D diffusion equation. n is the number of data points fitted. 
 






















Abs. 5.00 0.46 61.5 61.7 48.2 45.3 0.7 998 
Abs. 15.00 0.73 73.3 73.3 68.8 68.0 0.4 984 
Des. 15.00 0.73 73.3 73.1 78.8 79.6 0.7 1002 
Abs. 25.00 0.78 79.0 79.1 76.5 76.1 0.3 999 
303.15 
Abs. 5.00 0.99 60.2 60.2 52.6 51.2 0.4 1002 
Abs. 15.00 1.5 72.5 72.6 68.1 67.3 0.3 1003 
Des. 15.00 1.5 72.1 72.1 77.9 78.8 0.3 995 
Abs. 25.00 1.6 78.4 78.4 75.9 75.5 0.3 1005 
313.15 
Abs. 5.00 1.8 59.0 59.0 51.3 49.8 0.3 1008 
Abs. 15.00 2.7 71.7 71.7 67.2 66.4 0.6 986 
Des. 15.00 2.7 71.6 71.5 77.5 78.4 0.4 1010 
Abs. 25.00 2.8 77.7 77.7 75.2 74.7 0.3 991 
a Complete solubility data (including absorption and desorption) can be found in the Appendix A. 
b The instrumental uncertainties are: T = ± 0.01 K; % RH = ± 1 %; Cs and C0 < ± 0.1 mol%. See Appendix A for 
more details. 
c The average uncertainties determined by the error of regression are: D = ± 0.1 x 10-11 m2/s; Cs = ± 0.1 mol%; C0 = ± 
0.1 mol%. 
d S is the standard error of regression for the 1D diffusion equation. n is the number of data points fitted. 
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Abs. 5.67 0.88 59.4 59.4 38.6 33.0 0.8 3399 
Abs. 15.67 1.1 71.6 71.6 66.7 66.1 0.7 46 
Des. 15.67 1.2 71.6 71.6 74.9 75.4 0.3 997 
Abs. 25.67 1.3 77.8 77.8 75.2 74.7 0.8 3477 
303.15 
Abs. 5.67 1.5 60.9 61.0 45.0 41.6 0.7 422 
Abs. 15.67 2.1 71.8 71.9 64.5 63.1 0.6 361 
Des. 15.67 1.9 72.1 72.0 72.1 76.3 0.6 1241 
Abs. 25.67 2.1 78.1 78.0 74.1 73.4 0.4 421 
315.15 
Abs. 5.67 3.6 59.2 59.1 41.4 37.3 0.6 1640 
Abs. 15.67 3.8 71.2 71.2 66.6 65.9 0.4 541 
Des. 15.67 4.0 71.2 71.1 74.5 75.0 0.3 999 
Abs. 25.67 3.9 77.4 77.4 74.7 74.3 0.3 611 
a Complete solubility data (including absorption and desorption) can be found in the Appendix A. 
b The instrumental uncertainties are: T = ± 0.01 K; % RH = ± 1 %; Cs and C0 < ± 0.1 mol%. See Appendix A for 
more details. 
c The average uncertainties determined by the error of regression are: D = ± 0.1 x 10-11 m2/s; Cs = ± 0.1 mol%; C0 = ± 
0.1 mol%. 
d S is the standard error of regression for the 1D diffusion equation. n is the number of data points fitted. 
 





















Abs. 5.67 0.45 50.6 50.8 37.9 35.4 0.4 1038 
Abs. 15.67 0.67 63.1 58.0 57.3 0.3 0.67 1961 
Abs. 25.67 0.76 70.1 70.1 66.8 66.2 0.2 1429 
295.15 
Abs. 5.67 0.95 49.6 49.9 38.0 36.2 0.3 1597 
Abs. 15.67 1.7 61.9 62.0 57.2 56.4 0.2 1838 
Des. 15.67 1.7 61.9 61.9 69.0 69.9 0.4 994 
Abs. 25.67 1.7 69.3 69.3 66.1 65.5 0.2 1900 
303.15 
Abs. 5.67 1.7 49.1 49.0 37.2 35.3 0.3 1544 
Abs. 15.67 2.7 61.7 61.7 56.7 56.0 0.2 1190 
Des. 15.67 2.9 61.6 61.6 68.8 69.7 0.4 993 
Abs. 25.67 2.8 69.0 69.1 65.8 65.3 0.2 1111 
a Complete solubility data (including absorption and desorption) can be found in the Appendix A. 
b The instrumental uncertainties are: T = ± 0.01 K; % RH = ± 1 %; Cs and C0 < ± 0.1 mol%. See Appendix A for 
more details. 
c The average uncertainties determined by the error of regression are: D = ± 0.1 x 10-11 m2/s; Cs = ± 0.1 mol%; C0 = ± 
0.1 mol%. 
d S is the standard error of regression for the 1D diffusion equation. n is the number of data points fitted. 
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4.2.3 1D Diffusion with Cylindrical Container 
The accuracy of the 1D diffusion model applied to water solubility data measured with a 
spherical-shaped container was verified by repeating the water solubility measurements and 1D 
diffusion calculation in [C2C1im][OAc] using a flat bottom cylindrical container, shown in Figure 
4.4. The amount of IL used was ~ 0.92 g, the weight of the sample cup and counterweight were 
0.568 g and 0.669 mg, respectively, and the radius of the container was 0.62 cm. The height of the 
liquid (L) was obtained using Eq. 4.11 and the measured cylinder radius. The solubility 
measurements were carried out at 303.15 K and a range of 0-25 % RH. A comparison of the results 
obtained using the spherical-shaped container and the cylindrical container are shown in Table 4.8. 
The results are not significantly different; therefore, the use of the 1D diffusion model is applicable 
to data obtained using a spherical-shaped container. 
 
Figure 4.4. Cylindrical container used for verification of the 1D diffusion approximation 
 
Table 4.8. Diffusion coefficient comparisons for absorption of water in [C2C1im][OAc] at 303.15 K using a spherical-




(x 10-11 m2/s) 
DCylindrical Cup 
(x 10-11 m2/s) 
5 0.99 ± 0.01 1.1 ± 0.1 
10 1.5 ±0.1 1.9 ± 0.1 
15 1.6 ± 0.1 2.0 ± 0.1 
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4.2.4 Height Effect on the Diffusion Coefficient 
It is important to note that the diffusion coefficients calculated in this work and reported in 
Tables 4.3-4.7 are approximations, as the diffusion coefficient calculations assumed that the 
system was dilute. The concentration of water increases as RH increases; therefore, the physical 
properties of the system are not constant. Due to volume expansion, the height of the sample 
through which the water molecules must travel increases with increasing RH. Therefore, the 
diffusion coefficient of each IL was recalculated at the highest RH measured for each temperature 
using the average “wet” height instead of the “dry” height to observe the effect of height (L) on 
the diffusion coefficient. The “wet” height was calculated by taking the average of the height from 
beginning to end at a specified T and RH condition. For example, for [C4C1im][OAc] at 294.85 K 
and 25.67 % RH, xw was 77.8 mol% and the calculated molar volume was 0.0692 cm
3, and at 
294.85 K and 20.67 % RH, xw was 75.2 mol% and the molar volume was 0.0718 cm
3; the average 
volume is 0.0705 cm3. Using Eqs. 4.10 and 4.11, the average cylinder height was calculated to be 
0.1054 cm. The dry height was calculated assuming the IL is completely dry, which for 
[C4C1im][OAc] at 294.85 K is 0.0904 cm.  
The diffusion coefficients, the average “wet” height values, and the “dry” height values are 
listed in Table 4.9. On average the diffusion coefficient increased by 26 % when using the average 
height including volume expansion versus the initial height without volume expansion. The 
diffusion coefficients at the highest RH values were about 15 % higher for [C2C1im][BF4], 3 % 
higher for [C2C1im][TFES], 48 % higher for [C2C1im][OAc], 33 % higher for [C4C1im][OAc], and 
25 % higher for [C4C1im][Cl], when using the average “wet” height, than when using the “dry” 




















DAvg Wet Height 
(x 10-11 m2/s) 
[C2C1im][BF4] 
298.15 70.67 0.0810 2.6 0.0864 2.9 
303.15 70.67 0.0811 2.7 0.0876 3.2 
[C2C1im][TFES] 
293.15 25.00 0.0771 4.2 0.0783 4.4 
303.15 25.00 0.0773 7.4 0.0785 7.6 
313.15 25.00 0.0776 12 0.0776 12 
[C2C1im][OAc] 
293.15 25.00 0.0837 0.78 0.1013 1.2 
303.15 25.00 0.0837 1.6 0.1007 2.3 
313.15 25.00 0.0838 2.8 0.1001 4.1 
[C4C1im][OAc] 
294.85 25.67 0.0904 1.3 0.1054 1.7 
303.15 25.67 0.0907 2.1 0.1059 2.8 
315.15 25.67 0.0909 3.9 0.1056 5.2 
[C4C1im][Cl] 
283.15 25.66 0.0948 0.8 0.1072 1.0 
295.15 25.67 0.0934 1.7 0.1052 2.1 
303.15 25.66 0.0953 2.8 0.1072 3.5 
 
As expected, the reported diffusion coefficients for [C2C1im][BF4], [C2C1im][TFES], 
[C2C1im][OAc], [C4C1im][OAc], and [C4C1im][Cl] increase with an increase in temperature. For 
example, the water absorption in [C2C1im][BF4] at 10 % RH and 298 K had D = (9.6 - 9.7) x 10
-
11 m2/s, while at 10 % RH and 303 K, D = 1.3 x 10-10 m2/s. The 35% increase in the diffusion 
coefficient is due to the decrease in viscosity of the ionic liquid (0.0372 ± 0.00324 Pa-s at 298.15 
K and 0.0314 ± 0.0021 Pa-s at 303.15 K)54 which leads to faster water diffusion into the ionic 
liquid.  
Also as expected, the viscosity of [C2C1im][BF4], [C2C1im][OAc], [C4C1im][OAc], and 
[C4C1im][Cl] decreases as the water concentration increases.
54–56 Although there are no data 
reporting the mixture viscosity of water and [C2C1im][TFES], it is predicted that the viscosity of 
the mixture would decrease as water concentration increases because water has a lower viscosity 
(0.001 Pa-s at 293.15 K) than the viscosity of pure [C2C1im][TFES] (0.117 Pa-s at 293.15 K). 
Therefore, diffusivity is expected to increase in ILs as relative humidity increases, and this was 
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observed for [C2C1im][TFES], [C2C1im][OAc], [C4C1im][OAc], and [C4C1im][Cl]. Surprisingly, 
despite a decrease in viscosity as relative humidity increases, the H2O-[C2C1im][BF4] system 
shows a decrease in diffusion D.  
The desorption diffusion coefficients for [C2C1im][TFES], [C2C1im][OAc], 
[C4C1im][OAc], and [C4C1im][Cl] were not significantly different from the absorption diffusion 
coefficients, but in general, the desorption D values were slightly higher, especially in the water-
[C2C1im][TFES] system. This is expected because the diffusion during the desorption process 
begins with a higher water concentration; and, therefore, the viscosity is lower than the 
corresponding absorption process at the same T and P conditions. However, in the case of 
[C2C1im][BF4] the desorption coefficients were lower than the absorption coefficients; for 
example, at 298.15 K and 50.67 % RH (including the liquid height effect on D): Ddesorption= (3.6 – 
4.1) x 10-11 m2/s vs. Dabsorption= (5.3 – 5.6) x 10
-11 m2/s. This again illustrates the unexpected 
influence the presence of water has on the diffusion coefficient in [C2C1im][BF4].  
4.2.5 Einstein-Stokes Estimation of Diffusing Radius 
A comparison of the diffusing radii in the water-IL systems was applied to further analyze 
the difference in diffusion coefficients of such systems. The Einstein-Stokes equation provides the 
relationship of a spherical solute (A) with radius rA diffusing through a solution B with viscosity 





This equation was modified empirically by Shiflett and Yokozeki50 to introduce the 
dependence of diffusion on the mixture density raised to a power b (i.e., D ∝ η-b), and it is shown 
in Eq. 4.13, where a normalization factor was included (η0 = 1 mPa-s) and a = ln(k/6πrη0). 
 ln(𝐷 𝑇⁄ ) = 𝑎 − 𝑏 ln (𝜂 𝜂0⁄ ) (4.13) 
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The diffusion data for the water-IL systems were fit to Eq. 4.13 as a function of T and xw 
using mixture viscosity data determined from literature. The parameters a and b were calculated 
by minimizing the error between the measured and calculated D values, and the diffusing radius r 
was calculated from coefficient a. The results are listed in Table 4.10. Due to the lack of viscosity 
data for mixtures of [C2C1im][TFES] and water, the diffusivity radius was not calculated. 
 
Table 4.10. Parameters determined in Eq. 4.13 
Ionic Liquid a b 
Diffusing Radius r 
(nm) 
[C2C1im][BF4] -31.205 ± 0.509 -0.755 ± 0.198 15.694 – 43.436 
[C2C1im][OAc] -27.701 ± 0.630 0.973 ± 0.201 0.418 – 1.475 
[C4C1im][OAc] -27.796 ± 0.682 0.714 ± 0.184 0.437 – 1.709 
[C4C1im][Cl] -28.543 ± 0.562 0.441 ± 0.131 1.040 – 3.200 
The viscosity values for [C2C1im][BF4],54 [C2C1im][OAc],55 [C4C1im][OAc],55 and [C4C1im][Cl]56 were determined 
from literature. Errors are determined from linear regression of ln(D/T) vs. ln(η/η0). 
 
The resulting diffusing radius for the water-[C2C1im][OAc], water-[C4C1im][OAc], and 
water-[C4C1im][Cl] systems were ~ 1 nm, and the diffusing radius for the water-[C2C1im][BF4] 
system was ~ 30 nm. The radii of water, [OAc]-, [Cl]-, and [BF4]
- are 0.14 nm,57 0.16 nm,58 0.18 
nm,59 and 0.22 nm,60 respectively. This leads to a hypothesis that the anions in [C2C1im][OAc], 
[C4C1im][OAc], and [C4C1im][Cl] may coordinate with a few water molecules through hydrogen 
bonding, and that much larger water/BF4
¯ networks may be occurring in the [C2C1im][BF4] system, 
where water-water hydrogen bonds form and aggregate with or around BF4 ions. Several studies 
agree on the possibility of water aggregates and ionic cluster formations in aqueous IL 
mixtures.16,18,61–63 Therefore, although viscosity of the water-IL systems decreased as water 
concentration increased, the size of the diffusing species in [C2C1im][BF4] is expected to increase 
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whereas the diffusing radii in the [C2C1im][OAc], [C4C1im][OAc], and [C4C1im][Cl] are expected 
to remain constant. 
4.3 Heats of Absorption 
A comparison between the heat of absorption of water in the water-ionic liquid systems 
and the heat of vaporization of water can provide insight into the interaction behavior.12 The heats 
of absorption for all three systems were calculated with the Clausius-Clapeyron Relation shown in 
Eq. 4.14, where R is the ideal gas constant, T is temperature, H is enthalpy and C is the indefinite 
integral constant. The pressure values used in Eq 4.14 were determined using the NRTL correlation 
at the temperatures and water concentrations measured. The heats of absorption (∆H) were 
calculated from the slope (-∆H/R) of ln(P) as a function of 1/T at constant composition. The 
enthalpies of absorption calculated by Takamuku et al.12 were recalculated in this work using their 




+ 𝐶 (4.14) 
The heats of water absorption as a function of xw in [C2C1im][BF4], [C2C1im][TFES], 
[C2C1im][OAc], [C4C1im][OAc], and [C4C1im][Cl] are compared to the enthalpy of vaporization 
for water (∆Hvap) at 298.15 K (44 kJ/mol)
64 in Figure 4.5. The IL-water interactions (i.e., heats of 
absorption) in the [C2C1im][BF4] and [C2C1im][TFES] systems are weaker at lower concentrations 
of water (xw) as shown in Figure 4.5a and b. However, as the water concentration increases, the 
interactions with water increase and approach that of pure water-water interactions which are 
governed by hydrogen bonding. On the contrary, at low concentrations of water in [C2C1im][OAc], 
[C4C1im][OAc], and [C4C1im][Cl] (Figure 4.5c, d, and e, respectively), the heats of absorption are 
larger than the ∆Hvap of water, and as the water concentration increases, the interactions decrease 




Figure 4.5. Enthalpy of absorption for water in (a) [C2C1im][BF4], (b) [C2C1im][TFES], (c) [C2C1im][OAc], (d) 
[C4C1im][OAc], and (e) [C4C1im][Cl]. The standard errors are shown in vertical error bars. The dashed line 
represents the enthalpy of vaporization of water at 298 K. Tabulated data can be found in Appendix A 
The effects of the water-IL interactions on the diffusion coefficients are clearly observed 
when comparing the three systems at similar viscosities and temperatures as shown in Table 4.11. 
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The ∆Habs of water and viscosity in [C4C1im][OAc] (45.4 ± 0.1 kJ/mol, 0.024 Pa-s, xw = 78.1 
mol%) and [C4C1im][Cl] (45.5 ± 0.1 kJ/mol, 0.028 Pa-s, xw = 69.0 mol%) at 303.15 K were 
essentially the same; therefore, the absorption diffusion coefficients were similar (D[C4C1im][OAc] = 
(2.1 – 2.8) x 10-11 m2/s and D[C4C1im][Cl] = (2.8 – 3.5) x 10
-11 m2/s). At the same conditions, (0.021 
Pa-s and 303.15 K), the water-[C2C1im][OAc] system (at xw= 72.5 mol%) had a higher ∆Habs of 
water (48.1 ± 0.3 kJ/mol) and a lower diffusion coefficient ((1.3 – 1.7) x 10-11 m2/s). At 0.025 Pa-s 
and 303.15 K, the H2O-[C2C1im][BF4] system (at xw = 9.23 mol%) had a lower ∆Habs of water 
(39.3 ± 0.1 kJ/mol), and a significantly higher absorption diffusion (1.3 x 10-10 m
2/s). The same 
effect is observed at 294.85 – 298.15 K and 0.030 – 0.041 Pa-s, as shown in Table 4.11. The results 
for the four water-IL systems indicate that at about equal viscosities and temperatures, the diffusion 
coefficients are higher for lower values of ∆Habs and lower for higher values of ∆Habs. Therefore, 
the measurements show that even though the viscosity of all three IL-water systems decreases as 
water concentration increases, the diffusion coefficients are also a function of the molecular 
(water-water and water-IL) interactions (i.e., ∆Habs).  
 
Table 4.11. Comparison of diffusion coefficients and ∆Habs of water in [C2C1im][BF4], [C4C1im][OAc], and 















298.15 8.5 0.030 (9.6 – 9.7 ) x 10-11 39.2 ± 0.1 
303.15 9.2 0.025 1.3 x 10-10 39.4 ± 0.1 
[C2C1im][OAc] 
293.15 73.3 0.031 (0.73 – 1.0) x 10-11 49.3 ± 0.3 
303.15 72.5 0.021 (1.5 – 2.0) x 10-11 48.1 ± 0.3 
[C4C1im][OAc] 
294.85 77.8 0.039 (1.3 – 1.7) x 10-11 45.4 ± 0.1 
303.15 78.1 0.024 (2.1 – 2.8) x 10-11 45.4 ± 0.1 
[C4C1im][Cl] 
295.15 69.3 0.040 (1.7 – 2.1) x 10-11 45.5 ± 0.1 
303.15 69.0 0.028 (2.8 – 3.5) x 10-11 45.5 ± 0.1 
a The uncertainties are: T ± 0.01 K and xw < 0.1 mol% . 
b The viscosity values for [C2C1im][BF4],54 [C2C1im][OAc],55 [C4C1im][OAc],55 and [C4C1im][Cl]56 were determined 
from literature. 
c The diffusion values presented show a range of the diffusion coefficients obtained with the dry and “wet” height. 
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These interactions in the [C2C1im][BF4] system are weaker than the water-water 
interactions (i.e., hydrogen bonding). The activation energies (Ea) for the rotational motion of 
water molecules make this clearer. Published Ea values for D2O in [C2C1im][BF4]
12 and 
[C4C1im][Cl]
65 are shown in Figure 4.6. These measurements indicate that the rotational motion 
activation energy for D2O in [C4C1im][Cl] is much larger than for D2O in [C2C1im][BF4], which 
indicates that the rotational motion of water is more restricted in the D2O + [C4C1im][Cl] system. 
This is likely due to the Coulombic forces between the Cl anion and the water molecules65 and 
explains why the water diffusion in [C2C1im][BF4] is overall faster than [C4C1im][Cl] at a given 
temperature and xw. As the concentration of water increases, the Ea for [C4C1im][Cl]-D2O 
decreases and approaches the Ea value of pure D2O, suggesting water molecules have more 
mobility and may diffuse more easily. On the other hand, the Ea for [C2C1im][BF4]-D2O, after 
having reached a value lower than Ea of pure D2O, appears to be increasing as xw > 0.3; a behavior 
which has been attributed to the water-water hydrogen bonds restricting rotational motion.12 
 
Figure 4.6. Activation energies of the rotational motion of water molecules in [C2C1im][BF4] and [C4C1im][Cl] plotted 
as a function of D2O mole fraction. The circles represent data measured by Takamuku et al. for [C2C1im][BF4], and 
the triangles are data measured by Yasaka et al. for [C4C1im][Cl]. The dashed line is the rotational motion activation 
energy of pure D2O.66 
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 Finally, looking back at the NRTL model energy interaction parameters τij, it can be 
concluded that the ∆gij parameters (shown in Table 3.2) provided a similar idea as the differences 
in enthalpy curve shown in Figure 4.5. For example, the ∆gij parameters for the water-IL systems 
containing [C2C1im][OAc], [C4C1im][OAc], and [C4C1im][Cl] showed that the water-IL 
interactions |g21| were much stronger than the water-water interactions |g11|; similarly the ∆Habs for 
the same systems were larger than the water-water interactions (∆Hvap), as shown in Figures 4.5c-e. 
The gij parameters for water-IL systems containing [C2C1im][BF4] and [C2C1im][TFES] showed 
the water-water interactions |g11| were much weaker than the IL-water interactions |g21|, and their 
∆Habs values were also estimated to be lower than ∆Hvap as shown in Figures 4.5a and b. 
 
4.4 Conclusion 
A diffusion analysis was performed on the mass time-dependent data which were measured 
using a spherically-shaped container using two different models: one which considered the 2D 
diffusion behavior in a partial hemisphere, and another which applied the 1D diffusion equation 
employed in previous works.25 This work demonstrated the 1D diffusion model provides 
satisfactory predictions and can be used to determine the water-IL diffusion coefficients. In 
addition, the diffusion coefficients measured with the spherically-shaped container and determined 
with the 1D equation for [C2C1im][OAc] at 303.15 K were compared to diffusion coefficients for 
data measured in a flat cylindrical container and calculated using the 1D equation. The comparison 
between the two methods showed that applying the 1D diffusion model approximation for data 
measured in the spherical-shaped container is appropriate.  
The expected increase in diffusion as viscosity decreased was confirmed for the water-IL 
systems containing [C2C1im][TFES] (4.4 x 10




to 2.8 x 10-11 m2/s), [C4C1im][OAc] (8.8 x 10
-12 to 3.9 x 10-11 m2/s) and [C4C1im][Cl] (4.5 x 10
-12 
to 2.8 x 10-11 m2/s). However, an unexpected result was observed for [C2C1im][BF4] with a 
decrease in diffusion (1.3 x 10-10 to 2.7 x 10-11 m2/s) as water concentration increased (i.e., lower 
viscosity). Diffusing radius calculations using the Stokes-Einstein relationship support the 
hypothesis that only a few water molecules through hydrogen bonding form clusters with the 
[OAc] and [Cl] anions, but much larger water/BF4
¯ clusters/networks are forming in the 
[C2C1im][BF4] system which increase in size with increasing water concentration. 
The NRTL correlations and the Clausius-Clapeyron equation were used to determine the 
enthalpy of absorption for the three ILs, which were compared to the water-water interactions 
illustrated by the heat of vaporization of water at 298 K. This assessment, along with rotational 
energy information and the NRTL interaction parameters, also provide further support for the 
differences observed in the diffusivity of water in each IL. In general, the [C2C1im][BF4] and 
[C2C1im][TFES] display weaker interactions with water than the [C2C1im][OAc], [C4C1im][OAc], 
and [C4C1im][Cl]. It was observed, that as water concentration increased, the water-water 
hydrogen bonding energy began to exceed the [C2C1im][BF4]-water interactions, and the water 
diffusivity decreased. On the other hand, the increase in water concentration in [C2C1im][OAc], 
[C4C1im][OAc] and [C4C1im][Cl], decreased the interactions between water-IL, and was presumed 
to increase water mobility; therefore, the water diffusivity increased. For the limited water 
concentration range (0 – 30 mol%) in [C2C1im][TFES], it was observed that as water concentration 
increased, the hydrogen bonding interactions increased, and the water diffusivity increased. Water 
solubility measurements in [C2C1im][TFES] at higher RH values and water-[C2C1im][TFES] 
mixture viscosities are needed to thoroughly analyze the origin for the water diffusivity behavior 
in this ionic liquid.  
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Chapter 5: Water-Induced Liquid-Liquid Equilibria in Imidazolium-based ILs 
5.1 Introduction 
 This chapter focuses on experimental validation of an unexpected observation originally 
predicted by molecular simulations. This study is a perfect example of how experimental research 
direction can now be motivated by molecular simulations, where the simulations are performed 
first and lead to experimental designs. 
Dr. Yong Zhang and Dr. Ed Maginn at the University of Notre Dame, Department of 
Chemical and Biomolecular Engineering, predicted using molecular simulations, that the addition 
of water to equimolar amounts of imidazolium-based ionic liquid binary mixtures ([C2C1im][NTf2] 
+ [C2C1im][OAc] and [C2C1im][NTf2] + [C2C1im][Cl]) at 293 K could induce a liquid-liquid phase 
separation. The results of this study in collaboration with Dr. Maginn and Dr. Zhang have been 
recently published.67 
The simulations predicted that the first system ([C2C1im][NTf2]:[C2C1im][OAc]) was 
miscible at 293 K with equimolar concentrations of the ILs. When water was added to the system 
(xw = 0.83), a clear phase split could be observed; acetate anions concentrated in the water-rich 
phase, and the [NTf2] anions preferred the water-lean phase, as shown in Figure 5.1.  
 
Figure 5.1. Molecular dynamic simulation snapshots of the [C2C1im][NTf2]:[C2C1im][OAc] mixture at 293 K, where 
(a) the dry system was miscible and (b) the system phase separated into a water-rich and water-lean phase at 83 mol% 
water. Each panel shows only [C2C1im] (cyan), [OAc] (blue), [NTf2] (grey), or water (red). This is a modified version 
of the original image published by Rocha et al.67 
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The second system ([C2C1im][NTf2]:[C2C1im][OAc]) was also predicted to be miscible at 
293 K with equimolar IL concentrations. The simulation predicted a clear phase split at a water 
concentration of 83 mol%. In this case, the chloride anions concentrated in the water-rich phase, 
and the [NTf2] anions concentrated in the water-lean phase, shown in Figure 5.2. 
 
Figure 5.2. Molecular dynamic simulation snapshots of the [C2C1im][NTf2]:[C2C1im][Cl] mixture at 293 K, where (a) 
the dry system was miscible and (b) the system phase separated into a water-rich and water-lean phase at 83 mol% 
water. Each panel shows only [C2C1im] (cyan), [NTf2] (grey), [Cl] (gold), or water (red). This is a modified version 
of the original image published by Rocha et al.67 
The third system ([C2C1im][OAc]:[C2C1im][Cl]) was predicted to be miscible with 
equimolar amounts of IL at 293 K. The simulation predicted that the system would remain miscible 
even after reaching 83 mol% water as shown in Figure 5.3. 
 
Figure 5.3. Molecular dynamic simulation snapshots of the [C2C1im][OAc]:[C2C1im][Cl] mixture at 293 K, where (a) 
the dry system was miscible and (b) the system remained miscible at 83 mol% water. Each panel shows only [C2C1im] 
(cyan), [OAc] (blue), [Cl] (gold), or water (red). This is a modified image of the original image published by Rocha 
et al.67 
The effect of water on the phase behavior of the IL mixtures was verified experimentally, 
and the ionic liquid and water concentrations were determined in each phase using 1H NMR, and 
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a combination of 19F NMR, Karl Fischer titration, and ion chromatography techniques. Herein, the 
experimental methodology and results are discussed for the three ionic liquid systems. 
5.2 Experimental 
5.2.1 Materials 
The ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 
[C2C1im][NTf2] (99 % purity, Lot and filling code IL-0023-HP-1000 H00620.1, CAS no. 174899-
82-2) was obtained from Iolitec. The ionic liquids 1-ethyl-3-methylimidazolium acetate 
[C2C1im][OAc] (97 % purity, Lot and Filling code BCBG2131V, CAS no. 143314-17-4) and 1-
Ethyl-3-methylimidazolium chloride [C2C1im][Cl] (98 % purity, Lot and Filling code 6130LC, 
CAS no. 65039-09-0), and water (HPLC grade, lot and filling code. 3HBH9984, CAS no. 7732-
18-5) were purchased from Sigma-Aldrich. The ionic liquid melting points and molecular weights 
are listed in Table 5.1. 
Table 5.1. Molecular weight and melting point values for the ionic liquids studied 





[C2C1im][NTf2] 391.31 26368 
1-ethyl-3-methylimidazolium 
acetate 
[C2C1im][OAc] 146.62 25369 
1-ethyl-3-methylimidazolium 
chloride 
[C2C1im][Cl] 170.21 35770 
 
Water content in the pure ionic liquids was determined by Karl Fischer titration (Mettler 
Toledo DL36 Karl Fischer Coulometric Titrator) using a water standard of 94 ± 10 ppm H2O 
(Apura ®, Merck KGaA, Prod. no. 1.88050.0010, Lot code HC61276950). The Karl Fischer 
results for [C2C1im][NTf2], [C2C1im][OAc], and [C2C1im][Cl] were 202 ppm ± 16 ppm, 4449 ppm 
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± 724 ppm, and 4752 ppm ± 210 ppm, respectively. The ionic liquids were used as-is with no 
additional drying as water concentration was accounted for and would not impact the final phase 
results. 
The chemicals used in the NMR studies were: deuterated benzene (99.6 atom % D, Lot 
code MKCD3810, CAS no. 1076-43-3), deuterated dimethyl sulfoxide (99.5 % purity, Lot code 
Y30D065, CAS no. 2206-27-1, 2,4 dichloro-benzotrifluoride (99.51 % purity, Lot code 
BCBT0752, CAS no. 320-60-5.), 2-chloro-4-fluorotoluene (99.57 % purity, Lot code BCBR0116, 
CAS no. 452-73-3.). The mixed anion standard (VeriSpecTM Mixed Anion Standard, Lot code 
8706040, CAT no. RV010685-100N) was a purchased from RICCA and utilized for the ion 
chromatography measurements. 
5.2.2 Methodology 
 Clear borosilicate glass tubes (approx. 7 ml capacity) were used to initially observe the 
presence of liquid-liquid separation in the IL-IL-water ternary mixtures. The tubes were cleaned 
with acetone and dried in a vacuum oven at 343.15 ± 1 K. A stainless steel (SS316), Swagelok® 
cap and plug with Teflon® ferrules were used to seal one end of the tube. The ferrules were 
tightened over the tubes with caution to prevent damaging the glass.  
The tubes were placed on a balance and the ILs were added as quickly as possible to prevent 
atmospheric water absorption. The tubes were mixed for 2 hours using a rocking table at room 
temperature (295 K ± 1 K). Subsequently, the tubes were left standing upright for a minimum of 
12 hours to stabilize at room temperature. Water was added in increments of 10 to 30 mg, and the 
tubes were again mixed and left to sit for a minimum of 12 hours. This last step was repeated until 
liquid-liquid equilibrium was observed. 
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After determining the concentrations of water at which the room temperature liquid-liquid 
equilibrium was induced in the equimolar ionic liquid system, the concentration of each species in 
each phase were analyzed. Larger amounts of the IL-IL-water mixtures were made in the same 
compositions as determined by the borosilicate glass tube test, and each were loaded into 
separatory funnels. Most of the top liquid phase was collected using a glass pipette. The bottom 
phase was drained out of the funnel and collected. Residues of the top liquid phase were collected 
separately and accounted for in the total mass for each phase. Each liquid phase was analyzed for 
determination of the species concentration with 1H NMR, 19F NMR, Karl Fischer, and/or ion 
chromatography depending on the species being determined. 
5.3 Results and Discussion 
The following sections will report the phase-equilibrium results and detail the analytical 
techniques applied to determine the concentrations of each liquid phase. The uncertainty 
calculations can be found in Appendix B.  
5.3.1 [C2C1im][NTf2]:[C2C1im][OAc]:H2O System 
The equimolar mixture of [C2C1im][NTf2] and [C2C1im][OAc] with residual water (2.3 ± 
1.2 mol%) was a homogeneous clear liquid at 295 ± 1 K as shown in Figure 5.4. Upon initial 
addition of water, cloudiness could be observed at points of contact between the IL mixture and 
water, and a noticeable amount of heat was released, resulting in a temperature increase estimated 
to be less than 10 K. This heat is attributed to the exothermic process of hydrogen bonding between 
water molecules and acetate ions.71,72 Water concentration at 54 ± 1 mol% resulted in a liquid-
liquid phase split (see Figure 5.4). If more water were to be added to the system, it would continue 
to be phase separated. Therefore, the results validated the simulation predictions that a mixture of 
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[C2C1im][NTf2], [C2C1im][OAc], and water at a concentration of 82 mol% H2O would exhibit 
phase separation. 
 
Figure 5.4. Experimental results for [C2C1im][NTf2]:[C2C1im][OAc]:H2O at 295 ± 1 K with increasing water 
content. This is a modified version of the original image published by Rocha et al.67 
 
Larger quantities of the [C2C1im][NTf2]:[C2C1im][OAc]:H2O mixture were prepared at the 
same composition where the liquid-liquid phase split occurred. The phases were separated and 
weighed. Both phases were analyzed using 1H NMR, as the protons in [C2C1im]
+ cations, [OAc]- 
anions, and water could be observed. The concentration of each component could therefore be 
determined as a ratio to one another. Deuterated benzene was selected as the lock solvent for this 
system and loaded into a coaxial tube (Wilmad-LabGlass WGS-5BL). The samples were measured 
using a 500 MHz Bruker AVIII spectrometer equipped with a cryogenically-cooled broadband 
observe probe, and the peak analysis was performed with Mestrenova V12.0. Figure 5.5 shows the 
1H NMR spectra for a mixture of [C2C1im][NTf2], [C2C1im][OAc], and H2O and includes the 
peaks labeled correspondingly to the protons on the chemical structures. The integrals or areas of 
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the peaks were obtained using the Mestrenova program. NMR spectra for the top and bottom 
phases of the [C2C1im][NTf2]:[C2C1im][OAc]:H2O mixture are shown in Appendix B. 
 
 
Figure 5.5. 1H NMR spectra for [C2C1im][NTf2]:[C2C1im][OAc]:H2O mixture a with peak assignments. 
a The overall composition was 22.33 mol% [C2C1im][NTf2], 22.45 mol% [C2C1im][OAc], and 55.21 mol% H2O 
 
The equations used to calculate the concentrations are shown below, where 𝑎𝑘 is the area 
corresponding to the kth peak and 𝑛𝑘 is the number of protons related to the k
th peak. The 
[C2C1im][NTf2] area is aT, aO is the area related to [C2C1im][OAc] (aO = a7) , and aH is the area 
related to H2O (aH = a4). Equation 5.1 is calculating the representative [C2C1im][NTf2] aT/nT terms 
by using the [C2C1im] ak/nk normalized areas and subtracting aO/nO. This applies the assumption 































The areas are shown in Table 5.2. 
Table 5.2. Areas for the 1H NMR peaks in the [C2C1im][NTf2]:[C2C1im][OAc]:H2O mixturea 












1 9.46 ... 9.32 1222413 9.20 ... 9.03 1960416 1 
2 7.85 ... 7.73 1230121 7.67 ... 7.56 1956296 1 
3 7.73 ... 7.57 1239064 7.56 ... 7.44 1965908 1 
4 5.47 ... 4.73 5745530 5.15 ... 4.71 3249794 2 
5 4.34 ... 4.14 2450466 4.33 ... 4.13 3885821 2 
6 4.00 ... 3.80 3661615 3.97 ... 3.76 5816858 3 
7 1.76 ... 1.56 3004051 1.81 ... 1.64 2127089 3 
8 1.43 ... 1.25 3669714 1.52 ... 1.31 5864053 3 
a The overall composition was 22.33 mol% [C2C1im][NTf2], 22.45 mol% [C2C1im][OAc], and 55.21 mol% H2O 
The mole fractions of each species were calculated using Eqs. 5.2 to 5.4. 
 [C2mim][NTf2] mole fraction =  𝑥𝑇 =
𝑎𝑇/𝑛𝑇 
𝑎𝑇/𝑛𝑇 +𝑎𝑂/𝑛𝑂 +𝑎𝐻/𝑛𝐻 
 (5.2) 
 [C2mim][OAc]mole fraction =  𝑥𝑂 =
𝑎𝑂/𝑛𝑂 
𝑎𝑇/𝑛𝑇 +𝑎𝑂/𝑛𝑂 +𝑎𝐻/𝑛𝐻 
 (5.3) 
 H2O mole fraction =  𝑥𝐻 =
𝑎𝐻/𝑛𝐻 
𝑎𝑇/𝑛𝑇 +𝑎𝑂/𝑛𝑂 +𝑎𝐻/𝑛𝐻 
 (5.4) 
 The moles of each phase (Ntop and Nbot) were calculated using Eqs. 5.5 to 5.10 by solving 
Eqs. 5.11 and 5.12, where xij is the mole fraction of species J in the ith phase, MWj is the molecular 
weight of species J and TmolJ is the total moles of species J (T = [C2C1im][NTf2], O = 
[C2C1im][OAc], and H = H2O). TWJActual is the measured total mass of species J in the 
[C2C1im][NTf2]:[C2C1im][OAc]:H2O system.  
  𝑇𝑚𝑜𝑙𝑇 =  𝑥𝑡𝑜𝑝𝑇𝑁𝑡𝑜𝑝 +  𝑥𝑏𝑜𝑡𝑇𝑁𝑏𝑜𝑡 (5.5) 
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  𝑇𝑚𝑜𝑙𝑂 =  𝑥𝑡𝑜𝑝𝑂𝑁𝑡𝑜𝑝 +  𝑥𝑏𝑜𝑡𝑂𝑁𝑏𝑜𝑡 (5.6) 
  𝑇𝑚𝑜𝑙𝐻 = 𝑥𝑡𝑜𝑝𝐻𝑁𝑡𝑜𝑝 + 𝑥𝑏𝑜𝑡𝑂𝑁𝑏𝑜𝑡 (5.7) 
  𝑇𝑊𝑇 =  𝑥𝑡𝑜𝑝𝑇𝑁𝑡𝑜𝑝𝑀𝑊𝑇 +  𝑥𝑏𝑜𝑡𝑇𝑁𝑏𝑜𝑡𝑀𝑊𝑇 (5.8) 
  𝑇𝑊𝑂 =  𝑥𝑡𝑜𝑝𝑂𝑁𝑡𝑜𝑝𝑀𝑊𝑂 +  𝑥𝑏𝑜𝑡𝑂𝑁𝑏𝑜𝑡𝑀𝑊𝑂 (5.9) 
  𝑇𝑊𝐻 =  𝑥𝑡𝑜𝑝𝐻𝑁𝑡𝑜𝑝𝑀𝑊𝐻 +  𝑥𝑏𝑜𝑡𝐻𝑁𝑏𝑜𝑡𝑀𝑊𝐻 (5.10) 






  𝑚𝑎𝑠𝑠 𝑒𝑟𝑟𝑜𝑟 = 𝐴𝑏𝑠 |𝑇𝑊𝐽𝐴𝑐𝑡𝑢𝑎𝑙 − 𝑇𝑚𝑜𝑙𝐽𝑀𝑊𝐽|
2
 (5.12) 
The total mass and moles of each species in the bottom and top phases are listed in Table 5.3 and 
the mole % and mass % concentrations are listed in Table 5.7. 












(0.342 ± 0.082) x 10-2 (2.724 ± 0.112) x 10-2 1.338 ± 0.322 10.66 ± 0.44 
[C2C1im] 
[OAc] 
(1.519 ± 0.229) x 10-2 (1.553 ± 0.111) x 10-2 2.585 ±0.389 2.64 ± 0.19 
H2O (4.357 ± 0.663) x 10-2 (3.558 ± 0.205) x 10-2 0.785 ± 0.120 0.64 ± 0.04 
Total (6.218 ± 0.706) ± 10-2 (7.835 ± 0.259) x 10-2 4.708 ± 0.519 13.94 ± 0.48 
a The overall composition was 22.33 mol% [C2C1im][NTf2], 22.45 mol% [C2C1im][OAc], and 55.21 mol% H2O 
 
The phase partitions were calculated for each species (Equation 5.13) and for the overall 
system (Equation 5.14), where PiJ is the phase partition of species J in the ith phase, wiJ is the 














Table 5.4 Phase partition results (in wt. % or mol%) for the [C2C1im][NTf2]:[C2C1im][OAc]:H2O mixturea determined 
with the 1H NMR technique 
Phase [C2C1im][NTf2] [C2C1im][OAc] H2O 
Top Phase 11.15 ± 2.42 % 49.45 ± 4.16 % 55.05 ± 4.03 % 
Bottom Phase 88.85 ± 2.42 % 50.55 ± 4.16 % 44.95 ± 4.03 % 
a The overall composition was 22.33 mol% [C2C1im][NTf2], 22.45 mol% [C2C1im][OAc], and 55.21 mol% H2O 
 
Table 5.5 Overall phase partition results (in wt.% or mol%) for the [C2C1im][NTf2]:[C2C1im][OAc]:H2O mixturea 
Phase Calculated Measured 
Top 24.24 ± 2.47 26.16 ± 0.15 
Bottom 74.76 ± 2.47 73.84 ± 0.15 
a The overall composition was 22.33 mol% [C2C1im][NTf2], 22.45 mol% [C2C1im][OAc], and 55.21 mol% H2O 
The mass of the top (4.7078 ± 0.5187 g) and bottom (13.9447 ± 0.4784 g) phases were 
significantly close to the measured amounts in the top phase (4.7653 ± 0.0348 g) and bottom phase 
(13.4522 ± 0.0284 g). In addition, the water content was measured by Karl Fischer as shown in 
Table 5.6. Comparing the measured and calculated water concentration (Table 5.7), the results 
were within 1% of the water mass concentrations obtained using 1H NMR. Therefore, the 1H NMR 
methodology is considered an excellent technique to determine the concentration of species in the 













1 15.95 4.29 
2 16.42 4.26 
3 15.66 4.33 
4 16.26 4.33 
5 15.93 4.33 
6 16.05 -- 
Average 16.05 ± 0.27 4.31 ± 0.03 
a The overall composition was 22.33 mol% [C2C1im][NTf2], 22.45 mol% [C2C1im][OAc], and 55.21 mol% H2O 
 
Table 5.7 The phase concentrations determined by 1H NMR and the Karl Fischer results for water content of 
[C2C1im][NTf2];[C2C1im][OAc]:H2O systema 
Phase Component 
Measured by 1H NMR 
(mole %) 
Calculated by 1H 
NMR 
(mass %) 




[C2C1im][NTf2] 5.50 ± 1.57 28.41 ± 5.83 -- 
[C2C1im][OAc] 24.42 ± 1.11 54.91 ± 4.59 -- 
H2O 70.08 ± 1.54 16.68 ± 1.44 16.05 ± 0.27 
Bottom 
[C2C1im][NTf2] 34.77 ± 1.50 76.45 ± 1.20 -- 
[C2C1im][OAc] 19.82 ± 1.25 18.95 ± 1.15 -- 
H2O 45.41 ± 1.21 4.60 ± 0.20 4.31 ± 0.03 
a The overall composition was 22.33 mol% [C2C1im][NTf2], 22.45 mol% [C2C1im][OAc], and 55.21 mol% H2O 
 
It is clear from Table 5.7 that the top liquid phase was rich in water and [C2C1im][OAc], 
and the bottom liquid phase was rich in [C2C1im][NTf2]. These results are reasonable as the [OAc] 
anion has a stronger affinity for water than the [NTf2] anion, and the density of [C2C1im][NTf2] is 
greater than that of water and [C2C1im][OAc]. Therefore, the majority of [C2C1im][NTf2] was 
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present in the bottom liquid phase. It was assumed the [C2C1im] cations were distributed among 
both phases, according to the concentration of each anion, to maintain neutrality in each phase. 
Figure 5.6 summarizes the phase concentration of the [C2C1im][NTf2]:[C2C1im][OAc]:H2O 
mixture.
 
Figure 5.6. Phase concentration results for [C2C1im][NTf2]:[C2C1im][OAc]:H2O mixturea determined by 1H NMR, 
and Karl Fischer was used to confirm water content. This is a modified version of the original image published by 
Rocha et al.67 
a The overall composition was 22.33 mol% [C2C1im][NTf2], 22.45 mol% [C2C1im][OAc], and 55.21 mol% H2O. 
 
5.3.2 [C2C1im][NTf2]:[C2C1im][Cl]:H2O System 
The second system in this study was the equimolar [C2C1im][NTf2] and [C2C1im][Cl] 
mixture. The [C2C1im][Cl] is present in the form of solid green-colored crystals at 295 K. Color 
in ionic liquids can originate from the presence of trace metal impurities. Measurements with 
inductively coupled plasma mass spectrometry (ICP-MS) determined the [C2C1im][Cl] contained 
90-130 ppm Ni. The anhydrous salt nickel(II) chloride (NiCl2) is known to be yellow and the more 
familiar hydrate NiCl2·6H2O is green. However, the trace levels of metal hydrate will have no 
effect on the LLE measurements. When [C2C1im][NTf2] and [C2C1im][Cl] were initially 
combined, they remained in a heterogeneous solid-liquid solution as shown in Figure 5.7, until the 
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concentration of water was increased to about 20 mol%. At this stage, all the [C2C1im][Cl] had 
dissolved and the mixture was a homogeneous green color. This color persisted as the system 
partitioned into a two-phase mixture at 41 ± 1 mol% H2O. The study reports the phase split at 39 
± 3 % H2O because water was added in small increments, and the concentration of water prior to 
41 mol% was 37 ± 1 mol% with no phase partition. Therefore, the phase split was assumed to 
occur at a concentration of 39 ± 3 mol%. The experimental results validate the simulation results, 
indicating that water addition to an equimolar mixture of [C2C1im][NTf2] and [C2C1im][Cl] can 
induce a liquid-liquid phase separation. 
 
Figure 5.7. Experimental results for [C2C1im][NTf2]:[C2C1im][Cl]:H2O at 295 ± 1 K with increasing water content. 
This is a modified version of the original image published by Rocha et al.67 
 
As was performed with the first system, a larger amount of solution was created for the 
[C2C1im][NTf2]:[C2C1im][Cl] mixture at the 39 ± 3 mole % composition. Each phase was 
separated and analyzed by 19F NMR applying the methodology described by Henderson73 and 
utilizing a 500 MHz Bruker AVIII spectrometer. The method utilizes a coaxial insert tube with a 
reference standard (2,4 dichlorobenzotrifluoride) for quantitative NMR spectroscopy. The usage 
of the coaxial tube was accounted using Henderson’s methodology by calculating the ratio of the 
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insert volume (VR) to that of the NMR sample tube (VT). This was done for two sets of coaxial 
inserts. 
Henderson’s73 main equation is effectively Eq. 5.15, where CT is, in this study, the 
concentration of [C2C1im][NTf2] in moles per volume. The term IT/IR is the integral signal ration 
of [C2C1im][NTf2] to the reference compound. The term VR/VT is the ratio of the coaxial tube 
volume to the sample tube volume detected by the NMR coil. 







The volume ratios were experimentally determined using three solutions: A, B, and C 
which used DMSO as a solvent, shown in Table 5.8. Solutions A, B and C consisted of diluted 
amounts of 2,4 dichlorobenzotrifluoride, 2-chloro-4-fluorotoluene, and [C2C1im][NTf2], 
respectively. 
Table 5.8. Compositions of mixtures A, B, and C. The volume and molar concentration of solution C were not 


























A 2.7017 0.6379 -- -- 3 ~-62 2.645 0.001122 
B 2.7105 -- 0.4579 -- 1 ~-115 2.706 0.001170 
C 2.5395 -- -- 1.5092 6 ~-79 -- -- 
 
The compounds 2,4 dichloro-benzotrifluoride, 2-chloro-4-fluorotoluene, and 
[C2C1im][NTf2] were used because each of these compounds have distinct NMR fluorine peaks 
and allowed the researcher to view two signals when placing one of the solutions in the coaxial 
tube and another in the NMR sample tube. The absolute peak integrals are divided by the number 
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of fluorine atoms in their specific compound and then compared, as shown in Table 5.9. Using Eq. 
5.15, if the concentrations of the liquids inside each tube are equal, and the integral ratios are 
known, then the volume ratios can be determined.  
Solution A and solution B were not the same concentration, therefore, the solutions were 
each compared against solution C, as shown in Table 5.9 with Measurements 2.1 to 3.2. 
Comparison of ICoax/ITube for Measurement 2.1 to 3.1 gave a ratio of A/B = 1.0660, and a 
comparison of Measurement 2.2 to 3.2 gave a ratio of A/B = 0.87823. Therefore, the average 
(0.97214) was used as a correction factor, ZA/B. 
Table 5.9. Combinations of coaxial and NMR sample content with their absolute and normalized peak integrals listed 






























1.1 I A B 213634 574436 71211.3 574436 0.123968 
1.2 II B A 32448 747248 32448 249083 0.13027 
2.1 I A C 47655 819671 15885 136612 0.11628 
2.2 II B C 17719 956985 17719 159497 0.11109 
3.1 I B C 15924 875938 15924 145990 0.10908 
3.2 II A C 42420 869598 14140 144933 0.09756 
4.1 I B A 32875 776891 32875 258964 0.12695 
4.2 II A B 192944 597061 64314.7 597061 0.107718 
5.1 I B A 35878 838312 35878 279437 0.12839 




The volume ratio of the coaxial tube volume to the sample tube volume was tested three times for 










∗ 𝑍𝑇𝑢𝑏𝑒/𝐶𝑜𝑎𝑥 (5.16) 
For example, Set I with Measurement 1.1, uses ZB/A (=1/ZA/B) because Solution A is in the coaxial 










= 0.12398 ∗ 1/0.97214 = 0.12752 (5.17) 







∗ 𝑍𝐴/𝐵 = 0.12695 ∗ 0.97214 = 0.12341 (5.18) 
The average for each set of tubes was determined, as shown in Table 5.10. It is important to note 
that between every measurement, each set of tubes was cleaned thoroughly with acetone and 
placed in a sonicating bath three times and dried at room temperature in a vacuum oven. 
Table 5.10. Determination of coaxial tube to sample tube ratio 
 VR/VT 
Set Meas. 1 Meas. 4 Meas. 5 Average 
I 0.12752 0.12341 0.12481 0.12525 
II 0.12664 0.11081 0.10848 0.11531 
 
The reference concentration was prepared with 0.9825 ± 0.0004 g of deuterated DMSO 
and 0.3730 ± 0.0004 g of 2,4-dichlobenzotrifluoride in a 5 mL vial where the liquid level was 
marked (standard deviation of the weight recording is 4.7 x 10-5 g). The liquid was transferred to 
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a different container, and the 5 mL vial was cleaned. The volume of the reference solution was 
determined four times by weighing the mass of HPLC grade water needed to reach the marked 
liquid level in the 5 mL vial at 294.08 K (as determined by the Fluke Standard Platinum Resistance 
Thermometer S/N 1113, product max deviation ±0.025 K). The density of water at 294.08 K 
(0.998013 g/mL)74 was used to calculate the volume. The data are shown in Table 5.11. 
 






1 1.1318 ± 0.0004 1.1340 ± 0.0004 
2 1.1502 ± 0.0004 1.1525 ± 0.0004 
3 1.0952 ± 0.0004 1.0974 ± 0.0004 
4 1.1329 ± 0.0004 1.1352 ± 0.0004 
Average 1.1275 ± 0.0002 1.1298 ± 0.0002 
 
The value CR for Eq. 5.15 was determined by dividing the moles of 2,4-
dichlobenzotrifluoride by the volume average 1.1298 ± 0.0002 mL. Thus, CR is equal to 0.0015 ± 
0.0001 mol/ml. The reference mixture was loaded into coaxial tubes I and II. A sample of the top 
phase was loaded into the NMR sample tube I, and a sample of the bottom phase was loaded into 
the NMR sample tube II. Sets I and II were analyzed using 19F NMR, and the NMR spectra (Figure 
5.8 and Figure 5.9) were analyzed using Mestrenova v12. The peaks of interest were ~ -61 ppm 
for the fluorine content in 2,4-dichlobenzotrifluoride and ~ -80 ppm for the fluorine content in the 




Figure 5.8. 19F NMR spectra for top liquid phase of [C2C1im][NTf2]:[C2C1im][Cl]:H2O mixturea 
a The overall composition was 29.72 mol% [C2C1im][NTf2], 29.85 mol% [C2C1im][Cl], and 40.43 mol% H2O 
 
Figure 5.9. 19F NMR spectra for bottom liquid phase of [C2C1im][NTf2]:[C2C1im][Cl]:H2O mixture a 
a The overall composition was 29.72 mol% [C2C1im][NTf2], 29.85 mol% [C2C1im][Cl], and 40.43 mol% H2O 
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The spectra were first processed as recommended by MestreNova in a qNMR webinar75 to 
perform an accurate quantitative determination of fluorine content. The “Linear Fitting” advanced 
feature with a Lorentzian-Gaussian shape type was applied to remove the effect of minor peaks. 
Three integration measurements were performed on the same sample with Mestrenova for each 
phase as listed in Table 5.12 and Table 5.13. The peak integral, or area, values were divided by 
the number of fluorine atoms related to the compound. The IT/IR was determined by dividing the 
area per molecule of the [C2C1im][NTf2] by that of the 2,4-dichlorobenzotrifluoride. 
 
Table 5.12. 19F NMR integral data for 2,4-dichlorobenzotrifluoride and [C2C1im][NTf2] for the top liquid phase of 
[C2C1im][NTf2]:[C2C1im][Cl]:H2O mixture a and determination of IT/IR 
Species Meas. 1 Meas. 2 Meas. 3 Avg. Area Avg. Area/# F IT/IR 
[C2C1im][NTf2] 657632 663527 663172 661444 110241 ± 450 
1.64387 ± 0.02951 2,4-dichloro-
benzotrifluoride 
199901 208348 195305 201185 67061.5 ± 1801.5 
a The overall composition was 29.72 mol% [C2C1im][NTf2], 29.85 mol% [C2C1im][Cl], and 40.43 mol% H2O 
 
Table 5.13. 19F NMR integral data for 2,4-dichlorobenzotrifluoride and [C2C1im][NTf2] for the bottom liquid phase 
of the [C2C1im][NTf2]:[C2C1im][Cl]:H2O mixture a and determination of IT/IR 
Species Meas. 1 Meas. 2 Meas. 3 Avg. Area Avg. Area/#F IT/IR 
[C2C1im][NTf2] 662689 645553 670477 659573 109929 ± 1735 
17.4354 ± 0.2485 2,4-dichloro-
benzotrifluoride 
18802 19421 18522 18914.8 6304.93 ± 125.24 
a The overall composition was 29.72 mol% [C2C1im][NTf2], 29.85 mol% [C2C1im][Cl], and 40.43 mol% H2O 
 
The total mass of each phase was determined: 5.7030 ± 0.0284 g in the top phase and 
32.4950 ± 0.0367 g in the bottom phase. Additionally, the volume of both phases were determined 
by marking the liquid level on the funnel and weighing the amount of water needed to fulfill the 
markings at 294.52 K three times (density: 0.997904 g/mL74). The results are shown in Table 5.14. 
Mass error for top phase and bottom phase measurements are 0.0007 g and 0.0116 g, respectively. 
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Top 5.3040 5.6313 4.9925 5.3093 ± 0.0004 5.3204 ± 0.0004 
Bottom 23.1653 22.4666 23.1252 22.9190 ± 0.0067 22.967 ± 0.0067 
a The overall composition was 29.72 mol% [C2C1im][NTf2], 29.85 mol% [C2C1im][Cl], and 40.43 mol% H2O 
 
Using Eq. 5.15 and all the data determined thus far, the concentration of [C2C1im][NTf2] in both 
phases were calculated and are shown in Table 5.15. 
 








Top (3.1617 ± 0.0961) x 10-4 (0.16822 ± 0.0051) x 10-2 0.65825 ± 0.0200 
Bottom (3.0873 ± 2.2984) x 10-4 (7.0905 ± 0.52789) x 10-2 27.746 ± 2.0657 
a The overall composition was 29.72 mol% [C2C1im][NTf2], 29.85 mol% [C2C1im][Cl], and 40.43 mol% H2O 
 
The water content was determined with Karl Fisher after concluding that 1H NMR would 
not provide accurate results because the spectra was unclear and illustrated convoluted peaks. Both 
a volumetric and a coulometric titrator were used. First, the Mettler Toledo V20 volumetric titrator 
was used to determine the water content in both phases of the [C2C1im][NTf2]:[C2C1im][Cl]:H2O 







Table 5.16. Water concentration results for the [C2C1im][NTf2]:[C2C1im][Cl]:H2O mixturea determined with 
volumetric Karl Fischer titration 










1 0.0975 14.76 0.2467 2.05 
2 0.0395 14.54 0.7843 2.03 
3 0.1648 14.59 0.8652 2.03 
4 0.0852 15.17 0.9371 2.03 
5 0.0441 14.86 -- -- 
6 0.0754 13.96 -- -- 
Average -- 14.65 ± 0.37 -- 2.04 ± 0.01 
a The overall composition was 29.72 mol% [C2C1im][NTf2], 29.85 mol% [C2C1im][Cl], and 40.43 mol% H2O 
 
After initial determination that the water concentration in the bottom phase was lower than 
5 wt.%, the bottom phase was tested using a coulometric titrator for higher accuracy. The results 
are shown in Table 5.17. 
 
Table 5.17. Water concentration results for bottom phase of [C2C1im][NTf2]:[C2C1im][Cl]:H2O mixturea determined 








1 0.0204 0.4421 2.17% 
2 0.0178 0.3853 2.17% 
3 0.0361 0.7868 2.18% 
4 0.0201 0.4299 2.14% 
5 0.0196 0.4270 2.18% 
6 0.0272 0.5860 2.15% 
7 0.0194 0.4193 2.16% 
8 0.0248 0.5583 2.25% 
9 0.0202 0.4390 2.17% 
Average -- -- 2.17 ± 0.03% 
a The overall composition was 29.72 mol% [C2C1im][NTf2], 29.85 mol% [C2C1im][Cl], and 40.43 mol% H2O 
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 Ion chromatography was applied to determine the concentration of [C2C1im][Cl] using a 
mixed anion standard, as mentioned earlier in the Materials section. The standard contained 29.99 
± 0.065 ppm Cl- and was diluted with Milli-Q® purified (MQ) water to solutions of 0.5, 1, 5, 10, 
15, and 20 ppm (mg/kg) shown in Table 5.18. The standard solutions were used to obtain a 
calibration curve to determine the unknown concentration of the Cl anion in the mixture samples.  




30 ppm Standard Mass 
(g) 




0.5 0.7198 ± 0.0004 42.4746 ± 0.0116 0.4998 ± 0.0011 
1 1.0053 ± 0.0004 29.1547 ± 0.0116 0.9996 ± 0.0022 
5 4.9944 ± 0.0007 24.9926 ± 0.0116 4.9949 ± 0.0110 
10 10.0197 ± 0.0007 20.1236 ± 0.0116 9.9687 ± 0.0219 
15 14.9062 ± 0.0007 14.9390 ± 0.0116 14.9785 ± 0.0330 
20 30.3045 ± 0.0007 15.1598 ± 0.0116 19.9900 ± 0.0436 
 
Based on the concentration results of [C2C1im][NTf2] (top = 0.65825 g, bottom = 27.746 
g) and water (top = 14.65 wt.%, bottom = 2.17 wt.%), and the measured total mass (top = 5.7030 
g, bottom = 32.495 g), using a mass balance, it was estimated that the top phase and the bottom 
phase each had about 4 g of [C2C1im][Cl]. Therefore, the mixture samples were diluted as tabulated 







Table 5.19. Water and stock quantities used for dilutions of [C2C1im][NTf2]:[C2C1im][Cl]:H2O solution top phase 
Sample Label 




Stock Solution Used 
1K 1.0169 ± 0.0004 126.0366 ± 0.0116 Original Phase (1O) 
1L 1.1042 ± 0.0004 70.1613 ± 0.0116 1K 
1M 2.8738± 0.0007 41.5547 ± 0.0116 1L 
1N 1.2212± 0.0004 25.2374 ± 0.0116 1L 
 
Table 5.20. Water and stock quantities used for dilutions of [C2C1im][NTf2]:[C2C1im][Cl]:H2O solution bottom 
phase 
Sample Label 




Stock Solution Used 
2K 0.5257 ± 0.0004 11.0301 ± 0.0116 Original Phase (2O) 
2L 0.4199 ± 0.0004 22.0442 ± 0.0116 2K 
2M 2.0404 ± 0.0007 31.0139 ± 0.0116 2L 
2N 1.0221 ± 0.0004 20.1338 ± 0.0116 2L 
 
The concentration of chloride in samples 1M, 1N, 2M and 2N was determined with ion 
chromatography; the results are listed in Table 5.21.  
 
Table 5.21. IC results for Cl- concentration in [C2C1im][NTf2]:[C2C1im][Cl]:H2O mixturea  
Sample 
Top Phase (1) 
(mg/L) 
Bottom Phase (2) 
(mg/L) 
M 1.4436 ± 0.0030 1.8930 ± 0.0104 
N 1.0608 ± 0.0146 1.4889 ± 0.0002 
a The overall composition was 29.72 mol% [C2C1im][NTf2], 29.85 mol% [C2C1im][Cl], and 40.43 mol% H2O 
 
Equations 5.19-5.22 were applied to determine the unknown concentration of [C2C1im][Cl] 
in each phase, where CiL is the concentration in mg/kg of the chloride in the ith phase and L sample, 
WwiM is the mass of MQ water used to create the M sample of phase i , WSiM is the mass of stock 
solution used to create the M sample of phase i, and Ci[C2C1im][Cl] is the concentration of 
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[C2C1im][Cl] in phase i. Note that CiM and CiN are values determined by the ion chromatography 
measurements.  
 𝐶𝑖𝐿 = 𝐶𝑖𝑀(𝑊𝑤𝑖𝑀 + 𝑊𝑆𝑖𝑀)/𝑊𝑆𝑖𝑀 (5.19)
 𝐶𝑖𝐾 = 𝐶𝑖𝐿(𝑊𝑤𝑖𝐿 + 𝑊𝑆𝑖𝐿)/𝑊𝑆𝑖𝐿 (5.20)





















Note that the sample N can also be used in the calculations by using the values for sample N instead 
of M to calculated CiL. Once the values for Ci[C2C1im][Cl] were calculated for each M and N sample, 
the average was calculated for each phase. The results are shown in Table 5.22. 
 















1M 22.318 ± 0.047 1440.4 ± 3.1 
(1.7997 ± 0.0039) 
x 105 
74.427 ± 0.163  
75.537 ± 0.530  
1N 22.983 ± 0.317 1483.4 ± 20.4 
(1.8533 ± 0.0256) 
x 105 
76.647 ± 1.057 
2M 30.666 ± 0.169 1640.6 ± 9.2 
(3.6063 ± 0.0208) 
x 104 
14.914 ± 0.028  
14.951 ± 0.045  
2N 30.818 ± 0.021 1648.7 ± 2.2 
(3.6241 ± 0.0067) 
x 104 
14.988 ± 0.086 
a The overall composition was 29.72 mol% [C2C1im][NTf2], 29.85 mol% [C2C1im][Cl], and 40.43 mol% H2O 
 
Finally, the total mass for the top (TWtop) and bottom (TWbot) phases were calculated with 
Eq. 5.23 using the mass of [C2C1im][NTf2] (WiT) from F NMR, the [C2C1im][Cl] mass fraction 
(wiC) from Ion Chromatography, the water mass fraction (wiH) from Karl Fischer, and the volume 










The results were TWtop = 6.71 ± 0.50 g and TWbot = 33.48 ± 2.50 g, which are equivalent to 16.69 ± 
1.47 wt.% of the total mass is in the top phase and 83.31 ± 1.47 wt.% is in the bottom phase. These 
values are significantly close to those measured: 5.703 ± 0.028 g top and 32.495 ± 0.037 g bottom, 
and 14.93 ± 0.06 wt.% in the top and 85.07 ± 0.06 wt.% in the bottom. Therefore, the methodology 
was validated. 
The [C2C1im][NTf2] mass percent in each phase was calculated in Eq. 5.24, and the mass 
of [C2C1im][Cl] and water in each phase were calculated using equations 5.25-5.26 (where i 





 𝑊𝑖𝐶 = 𝑇𝑊𝑖𝑤𝑖𝐶 (5.25) 
 𝑊𝑖𝐻 = 𝑇𝑊𝑖𝑤𝑖𝐻 (5.26) 
Table 5.23. Mass concentration in the [C2C1im][NTf2]:[C2C1im][Cl]:H2O mixturea 
Species 









[C2C1im][NTf2] 0.66 ± 0.02 27.75 ± 2.07 9.81 ± 0.79 82.88 ± 8.73 
[C2C1im][Cl] 5.07 ± 0.38 5.00 ± 0.37 75.54 ± 0.53 14.95 ± 0.05 
H2O 0.98 ± 0.08 0.73 ± 0.06 14.65 ± 0.40 2.17 ± 0.03 
Total 6.71 ± 0.50 33.48 ± 2.49 100.00 100.00 
a The overall composition was 29.72 mol% [C2C1im][NTf2], 29.85 mol% [C2C1im][Cl], and 40.43 mol% H2O 
 
The moles for each species were calculated by dividing the mass of each species by their 
molecular weight, and the total moles for each phase were calculated by summing the moles of 
each species. Mole fractions were determined by dividing each mole species by the total moles of 

















Table 5.24. Mole concentration in the [C2C1im][NTf2]:[C2C1im][Cl]:H2O mixturea 
Species 
Top Phase Bottom Phase Top Phase Bottom Phase 
(moles) (moles) (mole %) (mole %) 
[C2C1im][NTf2] (0.17 ±0.01) x 10-2 (7.091 ± 0.528) x 10-2 1.85 ± 0.15 48.75 ± 2.64 
[C2C1im][Cl] (3.45 ± 0.26) x 10-2 (3.414 ± 0.254) x 10-2 38.08 ± 0.66 23.47 ± 1.21 
H2O (5.45 ± 0.43) x 10-2 (4.040 ± 0.306) x 10-2 60.07 ± 0.69 27.78 ± 1.46 
Total (9.07 ± 0.51) x 10-2 (14.544 ± 0.661) x 10-2 100.0 100.00 
a The overall composition was 29.72 mol% [C2C1im][NTf2], 29.85 mol% [C2C1im][Cl], and 40.43 mol% H2O 
 
Finally, the partition for each species was calculated with Eq. 5.28 and are shown in Table 5.25. 




Table 5.25. Phase partition results (in wt.% or mol%) for the [C2C1im][NTf2]:[C2C1im][Cl]:H2O mixturea 
Component [C2C1im][NTf2] [C2C1im][Cl] H2O 
Top Phase 2.32 ± 0.18 % 50.30 ± 2.64 % 57.43 ± 2.69 % 
Bottom Phase 97.68 ± 0.18 % 49.70 ± 2.64 % 42.57 ± 2.69 % 
a The overall composition was 29.72 mol% [C2C1im][NTf2], 29.85 mol% [C2C1im][Cl], and 40.43 mol% H2O 
The mole percent and mass percent results shown in Tables 5.23 and 5.24, clearly show 
the top liquid phase was water-rich and the bottom phase was rich in [C2C1im][NTf2]. Similar to 
the [C2C1im][NTf2]:[C2C1im][OAc]: H2O system, it was expected that the bottom phase would be 
rich in [C2C1im][NTf2] and the top phase would be rich in water with a higher concentration of the 
hydrophilic ionic liquid. The higher water affinity of the Cl anion in comparison to that of the NTf2 
anion dictates the phase separation. In addition, the ionic liquid [C2C1im][NTf2] is denser than 
water or [C2C1im][Cl], and therefore the [C2C1im][NTf2]-rich phase is positioned in the bottom. 
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Figure 5.10 summarizes the phase concentration of the [C2C1im][NTf2]:[C2C1im][Cl]:H2O 
mixture. 
 
Figure 5.10. Phase concentration results for the [C2C1im][NTf2]:[C2C1im][Cl]:H2O mixtureb which applied a variety 
of analytical techniques (NMR, IC, KF) to determine the species concentrations in each phase. This is a modified 
version of the original image published by Rocha et al.67 
a Phase fractions are in mass percent 
b The overall composition was 29.72 mol% [C2C1im][NTf2], 29.85 mol% [C2C1im][Cl], and 40.43 mol% H2O 
5.3.3 [C2C1im][OAc]:[C2C1im][Cl]:H2O System 
The third system investigated was the 1:1 mole ratio mixture of [C2C1im][Cl] and 
[C2C1im][OAc] (Figure 5.11). The solution was initially a heterogeneous solid-liquid mixture with 
no water added, similar to the [NTf2]:[Cl] system, as [C2C1im][Cl] is a solid at room temperature. 
When the system reached 43 ± 1 mol% H2O, the [C2C1im][Cl] dissolved and the solution became 
light green in color. More water was added to the system, until the water concentration was 83.6 
± 0.1 mol%. Heat was released as the solution was mixed, and the color changed to an amber-like 
tint. No liquid-liquid separation was observed at room temperature. This phase behavior is 
consistent with the molecular dynamics simulations and is expected, as both anions are hydrophilic 
and have similar dimensions. Considering [OAc] and [Cl] have comparable van der Waals radii of 
1.6 Å 58 and 1.75 Å,59 respectively, it can be concluded the anions share similar charge densities 




Figure 5.11. Mixtures of [C2C1im][OAc]:[C2C1im][Cl]:H2O at 295 ± 1 K with increasing water content. This is a 
modified version of the original image published by Rocha et al.67 
 
Previous literature has shown that a color change in imidazolium based ionic liquids with 
[Cl] anions is due to the thermal decomposition of the ionic liquid.76,77 However, the present study 
indicates that the color change occurs at room temperature when the H2O to [C2C1im][Cl] ratio is 
increased from 1.5:1 to 10:1. The liquid structure in these mixtures was studied by Dr. Maginn’s 
group at the University of Notre Dame using spatial distribution functions (SDFs) to possibly 
understand the solution color change. The SDFs showed that the location of [Cl] and [OAc] anions 
changed as the concentration of water increased. It is very likely that the color change observed in 
experiments is related to the solvation structure changes when the H2O mol% was increased from 
60 % to 83 %. The possibility of impurities reacting is also a potential cause for color change, 
however, most reactions are observed at higher temperatures than 298 K. A recommended future 
study is the evaporation of water from the 83.6 mol% water mixture to observe if the color change 
is reversible.   
79 
 
5.3.4 Effect of Temperature on Liquid-Liquid Equilibria 
The mixtures were also observed at temperatures ranging from 298.15 K to 323.15 K in 5 
K intervals until the liquid-liquid meniscus disappeared. The tubes were secured in a copper wire 
basket-like cage and submerged in a (Hart 7341 Calibration bath) silicone oil bath. The bath was 
calibrated with a Fluke® Standard Platinum Resistance Thermometer (S/N 1113, max deviation ± 
0.025 K), and the uncertainty was determined to be 0.30 K. The samples were manually shaken at 
every temperature, and then allowed to stay upright within the heated bath for 2 hours before final 
observation. The presence of a liquid-liquid partition was monitored at every temperature. Figure 
5.12 and Figure 5.13 show the temperature effects on the liquid-liquid phase equilibrium of 
[C2C1im][NTf2]:[C2C1im][OAc]:H2O (xw = 0.54) and [C2C1im][NTf2]:[C2C1im][Cl]:H2O (xw = 
0.41) mixtures, respectively. It was observed that the [C2C1im][NTf2]:[C2C1im][OAc]:H2O system 
was no longer a two-phase liquid at 303.11 ± 0.30 K. Similarly, the 
[C2C1im][NTf2]:[C2C1im][Cl]:H2O system was also a single phase when increased to 323.11 ± 
0.30 K.  
 





Figure 5.13. Temperature effects on the phase equilibria of [C2C1im][NTf2]:[C2C1im][Cl]:H2O mixture at 41 mol% 
H2O 
The equimolar mixtures [C2C1im][NTf2]:[C2C1im][OAc] and 
[C2C1im][NTf2]:[C2C1im][Cl] were created at 83 mol% H2O, and a liquid-liquid phase separation 
meniscus was observed in each mixture at 295 ± 1 K. Each solution was heated, and the meniscus 
was still present when the temperature reached 355.13 ± 0.30 K, the results are shown in Figure 
5.14 and Figure 5.15. An interesting effect occurred upon the increase of water content in the 
[C2C1im][NTf2]:[C2C1im][Cl] mixture. Figure 5.15 depicts the bottom phase became clear and the 
top phase turned to a yellow/amber tint. Upper critical solution temperatures (UCST) were not 
measured for either of these systems, as this would have required heating the solution beyond 356 
K and the authors were concerned that it could cause HF by-product formation. Different masses 
for each species are shown in Figure 5.14 compared to Figure 5.12 because the mixture used in 




Figure 5.14. Phase equilibria of equimolar [C2C1im][NTf2]:[C2C1im][OAc] mixture and 83 mol% H2O at room 
temperature (i.e., 295 ± 1 K) and 355 K. Red arrow indicates meniscus. Note the copper wire basket (right hand 
picture) was used to hold the tube with its cap in place in the oil bath. 
 
 
Figure 5.15. Phase equilibria of equimolar [C2C1im][NTf2]:[C2C1im][Cl] mixture and 83 mol% H2O at room 
temperature (i.e., 295 ± 1 K) and at 355 K. Red arrow indicates meniscus. Note the copper wire basket (right hand 




Water addition to equimolar imidazolium-based ionic liquids with anions of differing 
hydrophilicity can induce a liquid-liquid phase separation at room temperature. This study 
validated the simulation predictions performed by the Maginn group at the University of Notre 
Dame. Mixtures of [C2C1im][NTf2], [C2C1im][OAc], and water were observed to phase separate 
at 54 ± 1 mol% H2O and 
1H NMR analysis showed the top phase was rich in [C2C1im][OAc] and 
water and the bottom phase was rich in [C2C1im][NTf2]. The [C2C1im][NTf2]:[C2C1im][Cl]:H2O 
mixture was observed to reach liquid-liquid equilibrium at 39 ± 3 mol% H2O, and using 
19F NMR, 
Karl Fischer, and ion chromatography, the top phase was determined to be rich in [C2C1im][Cl] 
and water, and the bottom phase was determined to be rich in [C2C1im][NTf2]. The third system 
investigated was an equimolar mixture of two hydrophilic ionic liquids ([C2C1im][OAc] + 
[C2C1im][Cl]). The mixture remained single-phase at all water concentrations, as expected due to 
the affinity of both anions to water. 
The temperature effect was also observed in the IL-IL-water mixtures. It was observed that 
the [C2C1im][NTf2]:[C2C1im][OAc]:H2O mixture at 54 ± 1 mol% H2O was a single-phase liquid 
at 303.11 ± 0.30 K, but remained a two-phase liquid at 83.1 ± 0.1 mol% H2O at 355.13 ± 0.30 K. 
The [C2C1im][NTf2]:[C2C1im][Cl]:H2O mixture was a single-phase liquid at 41 ± 1 mol% H2O 
and 323.11± 0.30 K, and was two-phase at 83.0 ± 0.1 mol% H2O at 355.13 ± 0.30 K.  
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Chapter 6: Conclusion and Recommendation 
6.1 Background 
This chapter summarizes conclusions from previous chapters and provides 
recommendations for future studies on the phase equilibria of water and ionic liquids. 
6.2 Water Sorption Using the Gravimetric Technique 
The use of gravimetric microbalances for the solubility measurement of gases and vapors 
in ionic liquids has been proven to be a reliable and accurate technique. A force balance and a 
correction for the buoyancy effects was successfully applied to improve the accuracy of the results. 
As mentioned in Chapter 2, the drag force effect on the microbalance results were also incorporated 
into the correction factor. However, the effect which drag force has on the system may be of 
interest to some researchers. Future studies could involve expanding the drag force term, FD, in 
Eq. 2.5 to include aerodynamic or viscous drag as a function of Reynolds number. 
6.3 Water Vapor Solubility Results 
The water solubility measurements in [C2C1im][BF4] agreed with published data and 
provided confidence that the IGAsorp method was reliable for measuring water sorption in ionic 
liquids. The results also showed that for the measured conditions, the water solubility from highest 
to lowest was: [C2C1im][OAc] > [C4C1im][OAc] > [C4C1im][Cl] > [C2C1im][TFES] > 
[C2C1im][BF4]. 
 It is recommended that the solubility of water in [C2C1im][TFES] be measured at higher 
humidity values (> 25% RH) The current range (0 – 25 % RH) only reached a solubility of about 
30 mol% water. Higher RH and xw values would provide a better overall view of the isotherms and 
whether they become nonlinear. or remain similar to the isotherms for [C2C1im][BF4]. In addition, 
it would also be of interest to measure higher humidity values for [C2C1im][OAc], [C4C1im][OAc], 
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and [C4C1im][Cl] to observe if the solubility (P vs. xw) reaches a plateau as xw approaches 1. 
Overall, it is recommended that all ILs be measured at humidity values close to 40 % RH (ambient 
humidity), as ILs are most likely to be exposed to this condition in practice. 
6.4 Diffusion and Enthalpy of Water Vapor Sorption in Ionic Liquids 
 Water-IL binary diffusion coefficients were determined using a 1D diffusion equation on 
mass time-dependent data, which was measured using a spherical-shaped container. The diffusion 
results for [C2C1im][BF4] were unexpected as the diffusion coefficient decreased as the % RH 
increased and as the mixture viscosity decreased. On the other hand, the results for 
[C2C1im][TFES], [C2C1im][OAc], [C4C1im][OAc], and [C4C1im][Cl] were as expected, where the 
diffusivity increased as % RH increased and mixture viscosity decreased.  
The diffusing radii and enthalpy of absorption were calculated to explain the differences in 
diffusion behavior for the ionic liquids. The results for the diffusing radii suggested that the species 
diffusing in the [C2C1im][OAc], [C4C1im][OAc], and [C4C1im][Cl] systems were much smaller 
than the species diffusing in [C2C1im][BF4]. In addition, results in literature have indicated that 
water aggregates form in imidazolium-based [BF4] systems. Therefore, this leads to the hypothesis 
that while only a few water molecules may be hydrogen bonding with the [OAc] and [Cl] anions, 
larger water/BF4
¯ networks are forming in the [C2C1im][BF4] system, which continue to increase 
in size as water concentration increases. 
 The enthalpy of absorption analysis indicated that increasing water concentration caused 
the mixture interactions to approach values similar to ∆Hvap for water at 298 K, which represents 
water-water hydrogen bonding interactions. This makes sense as a higher concentration in water 
indicates a higher probability of water-water bonding. Interestingly, it was observed that at low xw 
the system interactions in [C2C1im][BF4] and [C2C1im][TFES], were weaker than the water-water 
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hydrogen bonding interactions (∆Hvap), whereas the system interactions in [C2C1im][OAc], 
[C4C1im][OAc], and [C4C1im][Cl] were larger than ∆Hvap. A comparison of the water-IL systems 
at similar viscosities, suggested that higher heats of absorption indicated a lower diffusion 
coefficient. Therefore, this indicates that, in addition to viscosity, molecular interactions such as 
hydrogen bonding play an important role in the diffusivity of water in ionic liquids. 
 There are several opportunities for future work regarding the diffusion and enthalpy 
analyses. A full derivation for the 2D diffusion coefficient (with spherical coordinates) is 
encouraged to remove any approximation limitations which may occur when using the 1D 
diffusion equation on data measured with the spherical container. It would be of interest to compare 
the results of this new fit to those calculated by the 1D approximation, the COMSOL 
Multiphysics® simulation, and to the results obtained using the 1D equation on the flat cylinder 
container. It also recommended that higher RH values be measured for all ILs, particularly values 
near 40 % RH, and to observe the kinetic behavior at these conditions. This would provide valuable 
information on the expected mass percent absorbed as a function of time.  
Solubility measurements at higher % RH conditions are recommended for the 
[C2C1im][TFES] system; which would show if the diffusion of water in [C2C1im][TFES] continues 
to increase as RH increases at higher water concentrations. In addition, the mixture viscosity for 
water and [C2C1im][TFES] should be measured so that the diffusing radius can be calculated and 
effect of heat of absorption on the diffusion coefficient can be analyzed. 
As mentioned in Chapter 4, the heat of absorption of water in the IL systems was calculated 
using the Clausius-Clapeyron equation and using the pressure determined by the NRTL equation. 
A calorimetry study on absorption of water in ILs would make it possible to compare the measured 
and calculated ∆Habs and to evaluate the accuracy of the approximation. 
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 Finally, it is recommended that molecular simulations be performed for the measured 
water-IL systems as a function of increasing RH. This would provide insight into the structure of 
water in ionic liquids as a function of water concentration and explain how water forms clusters 
with various anion types. 
6.5 Water-Induced Liquid-Liquid Separation of Imidazolium-based IL mixtures 
 Water addition to equimolar imidazolium-based ionic liquids with anions of differing 
hydrophilicity was shown to induce a liquid-liquid phase separation at room temperature. The 
results validated the simulation prediction performed by the Maginn group at the University of 
Notre Dame. The [C2C1im][NTf2]:[C2C1im][OAc] mixture was observed to phase separate with 
the addition of water, and the analytical techniques showed that the top phase was rich in water 
and the hydrophilic ionic liquid, [C2C1im][OAc], while the bottom phase was rich in 
[C2C1im][NTf2], the hydrophobic IL. Similarly, the [C2C1im][NTf2]:[C2C1im][Cl] mixture phase 
separated with the addition of water, and it was determined that the top phase was rich in water 
and the hydrophilic IL, [C2C1im][Cl], and that the bottom liquid phase was rich in [C2C1im][NTf2].  
The third system, [C2C1im][OAc]:[C2C1im][Cl] did not phase separate with the addition of 
water due to the affinity of water with both [OAc] and [Cl] anions. However, an interesting effect 
occurred when water was added; the mixture changed color from a green-tinted solution (due to 
the presence of [C2C1im][Cl]) to an amber color. It is hypothesized that the color change is due to 
a change in the solvation structure as the water concentration increases. A future study on this 
system could dry the mixture and observe if the color returns to green when the water concentration 
decreases. This would help understand if the color change is truly due to a physical effect. It would 
also be of interest to expand the phase equilibria studies on mixtures of IL-IL-water mixtures at 
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different IL concentrations. This could result in the creation of ternary phase diagrams to estimate 
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Appendix A: IGAsorp and Vapor Liquid Equilibrium Data for Water-IL systems 
A.1 Experimental Methodology Details 
 The Pyrex® spherical-shaped containers used in this study were each cleaned twice with 
methanol using an ultrasound bath for a minimum of 10 minutes. They were then dried in a 
vacuum oven at 343 K for about 10 minutes. The radii of the containers used for each IL and the 
amount of IL used are shown in Table A1.  
Table A1. Mass and radius of container used for each IL 
Ionic Liquid 
Mass of IL Used 
(mg) 
Radius of Container Used 
(cm) 
[C2C1im][BF4] ~ 56.4 0.63 
[C2C1im][TFES] ~ 52.7 0.59 
[C2C1im][OAc] ~ 51.5 0.64 
[C4C1im][OAc] ~ 56.7 0.63 
[C4C1im][Cl] ~ 63.1 0.63 
 
 The empty clean containers were placed into the instrument and measured at the same 
conditions at which the ionic liquid were to be measured. This was done to calculate for the 
correction factor mentioned in Chapter 2. Once this was completed, the ionic liquid was loaded 
into the clean container outside of the IGAsorp, and then introduced into the instrument to undergo 






A.2 Density values 
The densities used in the buoyancy corrections for ionic liquids [C2C1im][BF4], 
[C2C1im][TFES], [C2C1im][OAc], [C4C1im][OAc], and [C4C1im][Cl] are shown in Table A2. 



















































A.3 Solubility Results 
The instrumental (or systematic) errors for wH2O and xH2O were calculated using the standard 
deviation of the measured mass when the mass vs. time reached equilibrium and at a constant T 
and RH. For isotherm set points which did not reach equilibrium and were instead estimated with 
the LDF equation (Eq. 2.2), the standard deviation calculation was applied to a section of data 
where the mass vs. time data measured was approximately constant. The wH2O and xH2O errors 
were calculated by propagating the measured mass errors using the force balance equation (Eq. 
2.6). 










Absorption 0.00 0.00 0.0 0.0 
Absorption 10.67 0.34 0.8 8.5 
Absorption 30.67 0.97 2.8 24.3 
Absorption 50.67 1.61 5.8 40.4 
Absorption 70.67 2.24 11.8 59.4 
Desorption 70.67 2.25 11.9 59.6 
Desorption 50.67 1.61 5.8 40.4 
Desorption 30.67 0.97 2.8 24.2 
Desorption 10.67 0.34 0.8 8.5 
Desorption 0.00 0.00 0.0 0.5 




















Absorption 0.00 0.00 0.0 0.0 
Absorption 10.67 0.45 0.9 9.2 
Absorption 30.67 1.30 3.0 25.6 
Absorption 50.67 2.15 6.2 41.8 
Absorption 60.67 2.58 8.5 50.5 
Absorption 70.67 3.00 12.3 60.6 
Desorption 70.67 3.01 12.1 60.3 
Desorption 50.67 2.15 6.1 41.7 
Desorption 0.00 0 0.0 0.0 
The instrumental uncertainties are: T = ± 0.01 K; % RH = ± 1 %; PH2O < 1.01 kPa; wH2O < 0.1 mass %, and xH2O < ± 
0.1 mol%. 
 










Absorption 0 0.00 0.00 0.0 
Absorption 1 0.02 0.1 1.4 
Absorption 5 0.12 0.4 6.1 
Absorption 10 0.23 0.8 11.2 
Absorption 15 0.35 1.2 16.2 
Absorption 20 0.47 1.6 21.0 
Absorption 25 0.58 2.1 25.7 
Desorption 15 0.35 1.2 16.2 
Desorption 5 0.12 0.4 6.0 
Desorption 1 0.02 0.1 1.3 
Desorption 0 0.00 0.0 -0.2 















Absorption 0 0.00 0.0 0.0 
Absorption 1 0.04 0.1 1.6 
Absorption 5 0.21 0.4 6.4 
Absorption 10 0.42 0.8 11.8 
Absorption 15 0.64 1.2 16.8 
Absorption 20 0.85 1.7 21.7 
Absorption 25 1.06 2.2 26.5 
Desorption 15 0.64 1.2 16.8 
Desorption 5 0.21 0.4 6.3 
Desorption 0 0.00 -0.0 -0.2 
The instrumental uncertainties are: T = ± 0.01 K; % RH = ± 1 %; PH2O < 1.01 kPa; wH2O < 0.1 mass %, and xH2O < ± 
0.1 mol%. 
 










Absorption 0 0.00 0.0 0.0 
Absorption 1 0.07 0.1 1.6 
Absorption 5 0.37 0.4 6.6 
Absorption 10 0.74 0.8 12.1 
Absorption 15 1.11 1.3 17.2 
Absorption 20 1.48 1.7 22.2 
Absorption 25 1.85 2.2 26.9 
Desorption 15 1.11 1.3 17.2 
Desorption 5 0.37 0.4 6.4 
Desorption 0 0.00 0.0 -0.2 















Absorption 0 0.00 0.0 0.0 
Absorption 5 0.12 14.5 61.5 
Absorption 10 0.23 18.9 68.8 
Absorption 15 0.35 22.5 73.3 
Absorption 20 0.47 25.6 76.5 
Absorption 25 0.58 28.5% 79.0 
Desorption 15 0.35 22.5 73.3 
Desorption 5 0.12 14.3 61.2 
The instrumental uncertainties are: T = ± 0.01 K; % RH = ± 1 %; PH2O < 1.01 kPa; wH2O < 0.1 mass %, and xH2O < ± 
0.1 mol%. 
 










Absorption 0 0.00 0.0% 0.0 
Absorption 2.5 0.11 10.7 53.1 
Absorption 5 0.21 13.8 60.2 
Absorption 10 0.42 18.3 67.9 
Absorption 15 0.64 21.8 72.5 
Absorption 20 0.85 24.9 75.8 
Absorption 25 1.06 27.7 78.4 
Desorption 15 0.64 21.5 72.1 
Desorption 5 0.21 13.4 59.3 
















Absorption 0 0.00 0.0 0.0 
Absorption 2.5 0.18 9.9 51.0 
Absorption 5 0.37 13.2 59.0 
Absorption 10 0.74 17.7 67.0 
Absorption 15 1.11 21.1 71.7 
Absorption 20 1.48 24.2 75.1 
Absorption 25 1.85 26.9 77.7 
Desorption 15 1.11 21.0 71.6 
Desorption 5 0.37 13.0 58.6 
The instrumental uncertainties are: T = ± 0.01 K; % RH = ± 1 %; PH2O < 1.01 kPa; wH2O < 0.1 mass %, and xH2O < ± 
0.1 mol%. 
 










Absorption 0 0.00 0.0 0.0 
Absorption 1.67 0.04 7.2 46.2 
Absorption 5.67 0.15 11.8 59.4 
Absorption 10.67 0.28 15.5 66.9 
Absorption 15.67 0.41 18.6 71.6 
Absorption 20.67 0.54 21.4 75.0 
Absorption 25.67 0.67 24.2 77.8 
Desorption 25.67 0.67 24.2 77.8 
Desorption 20.67 0.54 21.5 75.0 
Desorption 15.67 0.41 18.6 71.6 
Desorption 10.67 0.28 15.5 66.9 















Absorption 0 0.00 0.0 0.0 
Absorption 1.47 0.06 5.6 39.5 
Absorption 1.67 0.07 6.4 42.9 
Absorption 5.67 0.24 12.4 60.9 
Absorption 10.67 0.45 15.7 67.1 
Absorption 15.67 0.67 18.8 71.8 
Absorption 20.67 0.88 21.8 75.4 
Absorption 25.67 1.09 24.5 78.1 
Desorption 25.67 1.09 24.4 78.0 
Desorption 20.67 0.88 21.8 75.4 
Desorption 15.67 0.67 19.0 72.1 
Desorption 10.67 0.45 15.9 67.5 
Desorption 5.67 0.24 12.2 60.4 















Absorption 0 0.00 0.0 0.0 
Absorption 1.47 0.12 5.1 37.3 
Absorption 1.67 0.14 5.9 40.8 
Absorption 5.67 0.47 11.7 59.2 
Absorption 10.67 0.88 15.3 66.5 
Absorption 15.67 1.29 18.3 71.2 
Absorption 20.67 1.70 21.1 74.6 
Absorption 25.67 2.11 23.7 77.4 
Desorption 25.67 2.11 23.7 77.4 
Desorption 20.67 1.70 21.1 74.6 
Desorption 15.67 1.29 18.4 71.2 
Desorption 10.67 0.88 15.3 66.6 
Desorption 5.67 0.47 11.6 59.2 
Desorption 1.67 0.14 6.0 41.3 
Desorption 1.47 0.12 5.1 37.2 
Desorption 0 0.00 0.4 4.2 
















Absorption 0 0.00 0.0 0.0 
Absorption 1.66 0.02 6.3 39.6 
Absorption 5.66 0.07 9.5 50.6 
Absorption 10.66 0.14 12.4 57.9 
Absorption 15.66 0.20 14.9 62.9 
Absorption 20.66 0.26 17.2 66.8 
Absorption 25.66 0.33 19.5 70.1 
Desorption 15.66 0.20 14.9 62.9 
Desorption 5.66 0.07 9.6 50.8 
Desorption 1.66 0.02 6.3 39.6 
Desorption 0 0.00 1.2 10.5 
The instrumental uncertainties are: T = ± 0.01 K; % RH = ± 1 %; PH2O < 1.01 kPa; wH2O < 0.1 mass %, and xH2O < ± 
0.1 mol%. 
 










Absorption 0 0.00 0.0 0.0 
Absorption 1.67 0.04 5.8 37.5 
Absorption 5.67 0.15 9.2 49.6 
Absorption 10.67 0.28 12.0 56.9 
Absorption 15.67 0.41 14.4 61.9 
Absorption 20.67 0.55 16.6 65.9 
Absorption 25.67 0.68 18.9 69.3 
Desorption 15.67 0.41 14.4 61.9 
Desorption 5.67 0.15 9.2 49.4 
Desorption 1.67 0.04 5.8 37.6 
Desorption 0 0.00 0.5 4.6 
The instrumental uncertainties are: T = ± 0.01 K; % RH = ± 1 %; PH2O < 1.01 kPa; wH2O < 0.1 mass %, and xH2O < ± 
0.1 mol%.  
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Absorption 0 0.00 0.00 0.0 
Absorption 1.66 0.07 5.6 36.7 
Absorption 5.66 0.24 9.0 49.1 
Absorption 10.66 0.45 11.8 56.5 
Absorption 15.66 0.67 14.3 61.7 
Absorption 20.66 0.88 16.5 65.7 
Absorption 25.66 1.09 18.7 69.0 
Desorption 15.66 0.67 14.2 61.6 
Desorption 5.66 0.24 9.0 48.9 
Desorption 1.66 0.07 5.7 36.8 
Desorption 0 0.00 1.6 13.3 





A.4 Liquid Fugacity Correction 
The liquid fugacity correction (f/P)sat,i values were calculated for all measured temperatures 
using Eqs. A1 to A5 and REFPROP v9.2 to obtain the enthalpy and entropy values. It was 
assumed that because N2 had insignificant solubility in the ionic liquid, the only liquid fugacity 
correction needed was that of water. The calculation begins with the fugacity equilibrium 
equation for water (Eq. A1):  
 𝑓𝐿 = 𝑓𝑉 (A1) 
The next step is to calculate fv with Eq. A2: 




where G is the molar Gibbs energy of water at T and P, GIG is the molar Gibbs energy of an ideal 
gas at T and P, and P is the total pressure. The molar Gibbs energy for an ideal gas is determined 
using Eq. A3, where VIG is the molar volume for an ideal gas, and P1 is a pressure low enough to 
consider water vapor an ideal gas (for example 0.1013 kPa). 
 𝐺(𝑇, 𝑃2) = 𝐺(𝑇, 𝑃1) + ∫ 𝑉 𝑑𝑃
𝑃2
𝑃1




 The Gibbs energies are calculated using the relationship in A4, where Ĥ and Ŝ are the specific 
enthalpy and specific entropy values for water at a certain T.  
 ?̂? = ?̂? − 𝑇?̂? (A4) 
The liquid fugacity fL is equal to P
sat (f/P)sat, replacing this in equation A1 and replacing F
v with 
equation A2, results in Eq. A5. To calculate the liquid fugacity correction, Eq A5 is solved for 
(f/P)sat, where P










An example is shown below for T = 313.15 K and P2 = 101.325 kPa and P1 = 0.101325 kPa. 
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 ?̂?(𝑇, 𝑃1) = −631.1 J/g = 2575.9 J/g − 313.15 K × 10.241 J/(g K) (A6) 
 𝐺𝐼𝐺(𝑇, 𝑃1) = 𝐺(𝑇, 𝑃1) = −11,370 J/mol = −631.1 J/g × 18.02 g/mol  (A7) 
 𝐺𝐼𝐺(𝑇, 𝑃2) = 6613 J/mol = -11,370 J/mol +8.314J/(mol K) ×ln (1000) (A8) 
 ?̂?(𝑇, 𝑃2) = −11.62 J/g = 167.62 J/g − 313.15 K × 0.57237 J/(g K) (A9) 
 𝐺(𝑇, 𝑃2) = −209.35 J/mol = −11.62 J/g × 18.02 g/mol  (A10) 
The total pressure P is equal to P2 (101.325 kPa), and P
sat is 7.385 kPa at 313.15 K. Using these 











8.314J/(mol K) × 313.15 K
] (A11) 
The results for all temperatures measured are shown in Table A17.  
















A.5 Time-Dependent Data 
Below are some qualitative examples of the time dependent data measured by the IGAsorp. 
 
Figure A1. Raw time-dependent data for [C2C1im][BF4] at 303.15 K and multiple RH set points. 
 




A.6 Enthalpy Results 
The heat of absorption errors were determining using the standard error of the slope for the linear 
regression Eq. 4.14.  







0.05 38.9 0.3 
0.10 39.2 0.3 
0.15 39.6 0.3 
0.20 39.9 0.3 
0.25 40.2 0.3 
0.30 40.5 0.3 
0.35 40.9 0.3 
0.40 41.2 0.3 
0.45 41.5 0.3 
0.50 41.9 0.3 
0.55 42.2 0.3 
0.60 42.6 0.3 
0.65 43.0 0.4 
0.70 43.4 0.4 
0.75 43.8 0.4 
















0.05 40.5 0.1 
0.10 40.9 0.1 
0.15 41.2 0.1 
0.20 41.6 0.1 
0.25 41.9 0.1 
0.30 42.2 0.1 
 







0.50 54.3 0.4 
0.55 53.4 0.4 
0.60 52.3 0.3 
0.65 51.2 0.3 
0.70 50.1 0.3 
0.75 48.9 0.2 











0.35 47.0 0.1 
0.40 46.9 0.1 
0.45 46.9 0.1 
0.50 46.8 0.1 
0.55 46.6 0.1 
0.60 46.4 0.1 
0.65 46.2 0.1 
0.70 46.0 0.1 
0.75 45.6 0.1 
0.80 45.3 0.1 
 







0.35 54.6 0.2 
0.40 51.6 0.1 
0.45 49.5 0.1 
0.50 48.1 0.1 
0.55 47.1 0.1 
0.60 46.4 0.1 
0.65 45.8 0.1 




Error for the enthalpy of absorption was calculated using Eq. A12 at each mole fraction shown in 
Tables A18-22, where C is the constant arising from the derivative. Then the excel LINEST 












Appendix B: Liquid-Liquid Equilibria 
 
Figure B1. 1H NMR Spectra for top liquid phase of [C2C1im][NTf2]:[C2C1im][OAc]:H2O mixture 
 





Uncertainty for this system was determined calculating the absolute difference between the peak 
integrals of two [C2C1im][NTf2]:[C2C1im][OAc]:H2O mixtures tested by NMR (sample 1-36 vs. 
sample 1-37) as shown in Eq. B.1, and the maximum of the absolute errors was used as the integral 
peak errors 𝜎𝑎𝑘 (= 149,203). The errors were propagated across the mole fraction calculations.  
 𝜎𝑥𝑘












































































































































































































































































 𝜎𝑎𝑘 = 𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝑒𝑟𝑟𝑜𝑟 = max (|𝑎𝑘1−36 − 𝑎𝑘1−37|𝑓𝑜𝑟 𝑘=1 𝑡𝑜 8
) (B.12) 
   
It was also assumed that the error from the acetate and water peaks were equal to σak.  
 𝜎𝑎𝑂 = 𝜎𝑎𝐻 = 𝜎𝑎𝑘 (B.13) 
Once the errors for the mole fractions were determined, the errors for the mass % could be 
calculated. First, Eq B.14 was used to convert from mole fractions to mass fractions, where i is 





Next, the error for each mole fraction is propagated for each mass%, an example is shown for wiT 
in Eqs. B.15-B.17. 
 𝜎𝑤𝑖𝑇

































2  𝑤ℎ𝑒𝑟𝑒 𝑘 = 𝑂 𝑜𝑟 𝐻 (B.17) 
As mentioned in Chapter 5, Eqs. 5.5-5.10 were solved simultaneously using Excel solver to guess 
a total mass for the top phase and for the bottom phase. Equations 5.8-5.10 can be re-written as 
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shown in B.18-B.20, where TWtop is the total mass of the top phase and TWbo is the total mass of the 
bottom phase: 
 𝑇𝑊𝑇 =  𝑤𝑡𝑜𝑝𝑇𝑇𝑊𝑡𝑜𝑝 +  𝑤𝑏𝑜𝑡𝑇𝑇𝑊𝑏𝑜𝑡 (B.18) 
 𝑇𝑊𝑂 =  𝑤𝑡𝑜𝑝𝑂𝑇𝑊𝑡𝑜𝑝 + 𝑤𝑏𝑜𝑡𝑂𝑇𝑊𝑏𝑜𝑡 (B.19) 
 𝑇𝑊𝐻 =  𝑤𝑡𝑜𝑝𝐻𝑇𝑊𝑡𝑜𝑝 + 𝑤𝑏𝑜𝑡𝐻𝑇𝑊𝑏𝑜𝑡 (B.20) 
In order to estimate an uncertainty for the estimated mass of the top phase and of the bottom phase, 
pairs of equations were solved simultaneously for a common variable. For example, Eqs. B.18 and 
Eq B.19 were solved together for TWtop, same as Eqs. B.18 and B.20, and equations B.19 and B.20. 
Equation B.21 shows Eq B.19 solved for TWbot and replaced in Eq. B.18. The equation is rearranged 
for TWtop as shown in Eq. B.22, and the errors for wiJ are propagated throughout. 




































































































2  (B.29) 
Using these forms of equations, we obtained σTWtop three times (pairing Eq. B.18 with Eq. B.19, 
Eq. B.18 with Eq. B.20, and Eq. B.19 with Eq. B.20). From these results, the largest error was 
used as the error for the total mass in the top phase. The same method was applied to obtain the 
uncertainty for TWbot. 
The error for species in the top phase mass partition can therefore be calculated using the estimated 
values for σTWtop and σTWbot and propagated using Eqs. B.30-B.32, 
 𝜎𝑃𝑡𝑜𝑝𝐽























































Similar equations can be derived for the bottom phase for all species. 
The overall top phase mass partition error was calculated as shown in Eqs. B.35 and B.36: 
 𝜎𝑃𝑇𝑊𝑡𝑜𝑝





























A similar equation can be derived for the bottom phase overall mass partition, which will result in 
the same answer. The same equations were applied to calculate the error of the overall mass 
partition of the measured masses for the top and bottom. The only difference is that the σTWtop and 
σTWbot terms were determined from the balance error to be 0.0284 g and 0.0367 g, respectively. 
The uncertainty for the mass of each species was calculated using Eqs B.37 and B.38, and the 
uncertainty for the moles of each species was easily calculated using Eq B.39, where WiJ is the 
mass of species J in phase i. 
 𝑊𝑖𝐽 =  𝑤𝑖𝐽𝑇𝑊𝑖 (B.37) 
 𝜎𝑊𝑖𝐽





















Finally, the error for the total moles of each phase was calculated using the determined σniJ values, 
where i is the ith phase: 
 𝜎𝑁𝑖2 = 𝜎𝑛𝑖𝑇
2 + 𝜎𝑛𝑖𝑂
2 + 𝜎𝑛𝑖𝐻





The uncertainty for the mass of [C2C1im][NTf2] was determined by propagating the error of CT 
and voli in Eq. B.41, where voli is the volume of the specific phase of interest. 






















= 𝐶𝑇𝑀𝑊𝑇 (B.44) 
The volume of each phase (i.e., layer) voli was determined using the water weight and density as 
mentioned earlier. Three measurements were performed, and the error was calculated with 
equations B.45-B.47 where i is the ith phase. The water mass errors were σWHltop = 0.0007 g and 
























The concentration of [C2C1im][NTf2] CTi in phase i can be written as shown in Eq. B.48, where 
Wstd is the total mass of the fluorine standard used to make the standard solution and volstd is the 
volume of the standard solution. The error σWstd = 0.0004 g was determined from the balance error, 
σITtop = 450, σIRtop =1800.5, σITbot = 1735, σIRtop =125.24 were determined from standard deviations 
















































































































  (B.54) 
The volume of the standard solution was determined using the water weight and density as 
mentioned earlier. Four measurements were performed, and the water weighing error was wHr = 
0.0004 g. 
 𝜎𝑣𝑜𝑙𝑠𝑡𝑑





















As mentioned earlier, the concentration of [C2C1im][Cl] for each phase was determined by taking 
the average of Ci[C2C1im][Cl] for both M and N samples, as shown in Eq. B.58. The error for the 
concentration of [C2C1im][Cl] was determined by error propagation as shown below, and the errors 
for σCiM, σCiN, σWW, σWS are listed in Table B1. 

























































































































































































2 | 𝑈 = 𝑀 𝑜𝑟 𝑁 (B.75) 
 
Table B1. List of uncertainty terms for the [C2C1im][Cl] concentration error calculation 
Term 
Top Phase Value 
(g) 
Bottom Phase Value 
(g) 
σCiM 0.0030 0.0104 
σCiN 0.0146 0.0002 
σWSiM 0.0007 0.0007 
σWWiM 0.0116 0.0116 
σWSiN 0.0004 0.0004 
σWWiN 0.0116 0.0116 
σWSiL 0.0004 0.0004 
σWWiL 0.0116 0.0116 
σWSiK 0.0004 0.0004 
σWWiK 0.0116 0.0116 
 
The error for the estimated masses at the top and bottom were calculated using Eqs. B.76-B.77 to 













































The σTwi error, along with the already measured error for WiT, was used to calculate the error of 




























2  (B.82) 
The errors for the estimated mass of [C2C1im][Cl] and water were calculated with Eq B.83, where 























Errors for moles of each species were calculated using Eq B.39, and total moles were calculated 
with Eq B.40. Since mass percent errors were calculated, the errors for mole fractions could also 
be calculated. First, Eq B.84 was used to convert from mass percent to mole fractions, where i is 





Next, the error for each mass percent was propagated for each mole percent, an example is shown 
for 𝑥𝑖𝑇 in Eqs. B.85-B.87. 
 𝜎𝑥𝑖𝑇




































The top species partition error was determined with Eqs. B.89-B.91 for species J. Similar equations 
can be used to calculate the bottom species partition error. 
 𝜎𝑃𝑡𝑜𝑝𝐽



























The error for the overall mass partition of the estimated and measured masses for the top and 
bottom phases were calculated the same way as done for the [C2C1im][NTf2]:[C2C1im][OAc]:H2O 
system, with Eqs. B.35 and B.36. The σTWtop and σTWbot terms for the measured phase masses of 
this system were 0.0284 g and 0.0367 g, respectively. 
 
